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The Iron Hill carbonatite complex is located in the Powderhorn district in Gunnison 
County, Colorado, USA, roughly 35 km south-southwest of the city of Gunnison. The complex 
consists of a ringed series of silica-deficient alkalic igneous rocks with a carbonatite stock at the 
center. The genesis of Rare Earth Element (REE)-enriched igneous complexes like Iron Hill is 
contentious, and the processes involved with REE enrichment at these complexes are poorly 
understood. The complex is one of the largest known niobium and titanium endowments in the 
United States and contains significant amounts of light REEs and thorium. The igneous rocks of 
the Iron Hill complex intruded Proterozoic granite, syenite, and metamorphic country rock 
roughly 600 million years ago. From oldest to youngest, the major rock types found at the 
complex are pyroxenite, uncompahgrite, ijolite, nepheline syenite, and an ankeritic dolomite 
carbonatite stock. Carbonatite dikes, as well as jasper, limonite-barite, orthoclase-quartz-thorite, 
and fluorite-quartz veins are present. All major lithological units at Iron Hill are enriched in 
REEs, including a halo of intense fenitization within the surrounding country rock. This study 
aims to further our understanding of the geologic processes involved with carbonatite genesis 
and the formation of REE-bearing minerals at complexes like Iron Hill. 
 The pyroxenite of the Iron Hill complex consists primarily of augite, with lesser amounts 
of biotite, phlogopite, perovskite, ilmenite, aegirine, fluorapatite, sphene, and magnetite. At least 
three subunits have been interpreted to occur, including a coarse-grained biotite and magnetite-
rich pyroxenite, a perovskite and apatite-rich pyroxenite, and a melanite garnet (Ti-andradite)-
rich pyroxenite. The uncompahgrite is composed of melilite-group minerals and diopside, with 
lesser amounts of melanite garnet, magnetite, apatite, and perovskite. The ijolite unit consists 
primarily of medium-grained augite and nepheline, with lesser amounts of biotite, apatite, 
magnetite, ilmenite, and melanite garnet. The nepheline syenite is dominantly composed of 
perthitic microcline, with lesser nepheline, aegirine-augite, biotite, magnetite, and ilmenite. The 
carbonatite stock ranges from coarse to fine grained, and is dominantly composed of ankeritic 
dolomite, with lesser aegirine, potassium feldspar, hematite, biotite, fluorapatite, rutile, barite, 






On the basis of textural relationships, pyroxene is interpreted to have formed very early 
in the crystallization sequence and is therefore appropriate for recording the parental melt 
evolution. The mineral chemistry of pyroxene reveals a continuous chemical trend within the 
uncompahgrite, ijolite, nepheline syenite, and carbonatite units. This trend is visible in 
decreasing Ca/Na and Mg/Fe ratios, as well as a continuous trend in end-member composition. 
However, the pyroxenite unit does not fit this trend, implying that the major intrusive units, 
except for the pyroxenite, may have originated from a single parental magma body and formed 
due to crystal fractionation. The trace element chemistry of early pyroxenes and the presence of 
carbonate melt inclusions within the nepheline syenite suggest liquid-liquid immiscibility likely 
played a role in the later stages of the complex’s genesis. 
Six species of REE-bearing minerals have been identified: apatite, bastnaesite, parisite, 
synchysite, monazite/rhabdophane, and ancylite. The distribution of REE-bearing mineral 
phases, alteration mineral associations, and complex cathodoluminescence properties of early 
apatite crystals reveals a complex alteration history within the intrusive units as well as the 
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Located roughly 35km southwest of the city of Gunnison, Colorado, Iron Hill is a 
classically-zoned and well exposed carbonatite complex consisting of a ringed series of alkalic 
igneous rocks with a carbonatite stock at the center, making it an excellent area to study rare-
earth element (REE) mineralization and the relationship between carbonatites and commonly-
associated alkalic igneous rocks. The genesis of REE-enriched igneous complexes like Iron Hill 
is contentious, and the relative roles of igneous and hydrothermal processes involved with REE 
enrichment at these complexes are poorly understood. This study aims to further our 
understanding of the geologic processes involved with carbonatite genesis and the formation of 
REE-bearing minerals at complexes like Iron Hill. 
 
1.1 Overview of carbonatites 
Carbonatites are broadly defined by the International Union of Geological Sciences as 
igneous rocks containing more than 50 modal percent primary carbonate minerals and less than 
20 weight percent SiO2 (Le Maitre, 2002). Nomenclature for carbonatites is based on the 
prevalence of the dominant primary carbonate mineral and on their corresponding major element 
geochemistry (Fig. 1.1). Calcite-dominant lithologies are called calcite-carbonatites or 
calciocarbonatites (sövite if coarse-grained, or alvikite if medium to fine-grained), and dolomite-
dominant lithologies are called dolomite-carbonatites, magnesiocarbonatites, or beforsite. 
Ferrocarbonatites are ankerite-dominant, and natrocarbonatites are rich in primary Na, K, and 
Ca-carbonate minerals (Le Maitre, 2002). A genetic classification scheme has also been 
proposed that divides carbonatites into two groups: primary carbonatites and carbothermal 
residua (Mitchell, 2005; Jones et al., 2013). Primary carbonatites are formed by partial melting of 
mantle-derived silicate magmas and are commonly associated with melilitite, nephelinite, and 
kimberlite, whereas carbothermal residue residua form from low temperature, CO2, F, and H2O-








Fig. 1.1. IUGS non-genetic carbonatite classification system. Carbonatites contain at least 50 
modal percent primary carbonate minerals (calcite, ankerite, dolomite, etc.) and less than 20 
percent SiO2. Modified after Le Maitre, 2002. 
 
There are 527 known carbonatite occurrences world-wide, of which 49 are interpreted to 
be extrusive (Woolley and Kjarsgaard, 2008). Only one active carbonatite volcano is known to 
exist. Natrocarbonatite lava, the lowest temperature (<600°C) and viscosity (0.008 PaS) lava 
known, erupts from Oldoinyo Lengai in Tanzania, and it does not have any known analogues in 
Earth’s geological record (Jones et al., 2013). Carbonatites range in age from Archean to present 
(USGS, 2013 and Jones et al., 2013). They are found in 70 countries and are dominantly 
confined to stable Archean through Neoproterozoic continental crust (Berger, 2009; Jones et al., 
2013). Within these large crustal blocks, shields, and cratons, carbonatites are further constrained 






commonly occur in regions proximal to orogenic belts (Bell, 1998; Berger, 2009; Jones et al., 
2013). As such, common host rocks include Precambrian gneiss, schists, and quartzite with 
associated detrital sedimentary rocks. The majority of carbonatites occur as rounded plugs or 
stocks (but can also occur as dikes or vein complexes), and are commonly associated with 
ultramafic and alkaline intrusive rocks. These associated lithologies include pyroxenite, 
lamprophyre, syenite, trachyte, melilitite, nepheline syenite, and ijolite. Many complexes also 
contain carbonatite breccias and zones of fenitized host rock (Berger, 2009).  
  Carbonatites were first described from the Lower Narbada Valley in India by Bose 
(1884) and were thought to have a sedimentary origin.  A magmatic origin for carbonatites was 
not proposed until the investigations of the Alnö carbonatite complex in Sweden by Högbohm 
(1895) and the Fen complex in Norway by Brøgger (1921). In fact, the theory of a magmatic 
origin was so contentious during the first half of the 20
th
 century that Johannsen (1938) did not 
include carbonatite (or any rock type with a large percentage of calcite) in his popular glossary 
on the petrography of igneous rocks, and asserted that carbonatites are doubtfully igneous. The 
prevailing opinions were that calcite magma was formed from the assimilation of limestone into 
a melt, or that the carbonates were introduced as an aqueous solution and the carbonate minerals 
were replacement products (Johannsen, 1938). It was not until the experimental work by Wyllie 
and Tuttle (1960) that showed calcite could have a liquidus temperature down to around 650°C 
at 1,000 bars that the incorporation of limestone into the carbonatite genesis model was all but 
removed. This research, along with the discovery of natrocarbonatite lava erupting from 
Oldoinyo Lengai in the late 1950’s and early 1960’s, renewed interest in the study of carbonatite 
genesis. The resurgence of carbonatite research over the past five decades, however, has not 
resulted in substantial progress in our understanding of the processes involved with carbonatite 
genesis or their common spatial association with alkalic rocks. Mitchell (2005) speculates that a 
major limitation to studying the genetic relationship between carbonatites and associated alkalic 
rocks is the lack of extrusive carbonatites that might represent potential parental magmas, and 
points out that recent research has looked at carbonatites as a single rock-type as opposed to a 
group of rocks with many potential origins. Jones et al. (2013) adds that our understanding of the 
potential origins of carbonatites and their relationships to mantle silicate rocks and kimberlite 
magmas is hindered due to a few fundamental gaps in our knowledge of the petrogenesis of 






at high pressures, the role of carbonate melts in mantle dynamics and the distribution of carbon 
throughout Earth’s history, as well as an understanding of CaCO3 melt structures at varying 
pressure, temperature, and chemical conditions and the transformation of carbonate minerals to 
tetracarbonates (Jones et al, 2013).  
There are currently three prominent theories that try to explain the spatial and temporal 
relationships between alkaline intrusive rocks and carbonatites. They are (i) fractional 
crystallization, (ii) liquid-liquid immiscibility, and (iii) partial melting.  
(i) Fractional crystallization hypotheses revolve around deriving carbonatite magma 
through fractional crystallization of a carbonated silicate magma, usually 
nepheline syenite or syenite in composition. Continuous trends in primary 
magmatic mineral chemistry should be observed from the oldest to the youngest 
lithologies at a complex where fractional crystallization is the dominant control 
on the evolution of the complex. Incompatible elements, such as the rare earths, 
will preferentially partition into the melt during fractional crystallization, resulting 
in increased concentrations of these elements within early magmatic minerals in 
younger lithologies that crystallized from the evolving parent magma. Although 
fractional crystallization explains the common spatial and temporal associations 
between alkalic intrusive rocks and carbonatites, it does not explain why 
carbonatite complexes typically do not contain lithologies intermediate in 
composition between the carbonatite and associated alkalic igneous rocks. 
Watkins and Wyllie (1971) present evidence that at 1kbar, in the NaAlSi3O8-
CaCO3-H2O system, liquids resulting from the crystallization of feldspars cannot 
precipitate calcite due to thermal barriers. The thermal barriers to such a trend 
have been described by Wyllie and Haas (1965), Watkinson and Wyllie (1969) 
and Wyllie and Watkinson (1970). This suggests that at crustal conditions it is 
unlikely that carbonates are a late-stage crystallization product of a fractionated 
feldspathic magma.  
(ii) Liquid-liquid immiscibility involves the cooling of a homogeneous magma body 
until a solvus is reached, at which point two immiscible magmas are produced. 
One is carbonatitic in composition and the other is an alkaline silicate magma. 






isotopic characteristics (Winter, 2001 and Halama et al., 2005). Liquid-liquid 
immiscibility effectively explains the lack of lithologies with compositions in 
between carbonatite and alkalic igneous rocks. Experimental work by Veskler et 
al. (2012) showed that REEs, Nb, Th, U, and Zr should preferentially partition 
into the silicate melt, not the carbonate melt. Harmer and Gittins (1998) note that 
experimental data supporting liquid immiscibility between a silicate and 
carbonate liquids is only relevant at low-pressure crustal conditions, and not likely 
to occur in realistic mantle melts or their byproducts at mantle pressures. Liquid-
liquid immiscibility is supported by similar isotopic compositions of minerals 
within carbonatites and spatially associated alkalic rocks (Bell, 1998 and Halama 
et al., 2005). 
(iii) Wyllie and Huang (1975), Wyllie and Lee (1998) and Brey et al. (2008) 
experimentally show that partial melting of carbonated peridotite at depths greater 
than 70km can produce carbonate-rich magmas. Brey et al. (2008) also 
demonstrated that the resulting melts were enriched in REEs.  The resulting melts 
ranged from dolomitic carbonatite, to calciocarbonatite, to silicocarbonatite 
(carbonatites with >20 wt.% silica), depending on the starting composition of the 
peridotitic mantle and subsequent equilibration with country rock during the 
magma’s ascent to the surface. Partial melting of Lherzolite at mantle conditions 
experimentally produced dolomitic carbonatites (Wyllie and Huang, 1975; Lee 
and Wyllie, 1998).  Harmer and Gittins (1997) argue based on field observations 
that calciocarbonatites must be derived from dolomitic carbonatite parent magma. 
Wyllie and Lee (1998) conclude experimentally that primary carbonatite magmas 
must be dominantly composed of calcic dolomite, but can change in composition 
between 70km and 40km depth to form calciocarbonatites if the magma is 
protected from lherzolite composition rocks. Wyllie and Lee (1998) and Dalton 
and Wood (1993) propose protecting the rising melt by metasomatically forming 
a barrier of wehrlite.  Harmer (1999) notes that calciocarbonatites tend to occur in 
rifted regions such as the East African Rift system, whereas dolomitic 
carbonatites with high Mg-numbers comparable to those of experimental mantle 






Cratons in southern Africa and the Canadian Shield. Experimental single-stage 
partial melting of carbonated peridotites do not appear to produce both carbonatite 
and silicate melts (Brey et al., 2008). This may make single stage partial melting 
an option only for carbonatites that do not occur in close proximity to alkalic 
intrusive rocks. 
Carbonatite genesis is poorly understood. There is a need to understand the parent melt 
evolution to these complexes, as well as the relative roles of igneous and hydrothermal processes 
with regards to rare earth element (REE) enrichment at complexes like Iron Hill. Understanding 
the fundamental controls that govern the genesis of carbonatites and carbonatite-related deposits 
is paramount for establishing an exploration protocol for localities with potential REE 
endowment. Prospective carbonatites and carbonatite-related deposits at various stages of 
exploration and development assessment in the United States include Diamond Creek, Idaho; Elk 
Creek, Nebraska; Bokan Mountain, Alaska; La Paz, Arizona; Lemhi Pass, Idaho-Montana; 
Round Top, Texas; Thor, Nevada; and the Bear Lodge Complex, Wyoming. 
 
1.2 Rare Earth Elements 
Rare earth elements are crucial resources for many growing science and technology 
industries. They are used in the manufacturing of computer components, special-purpose metal 
alloys, ceramics, and glass, high-strength permanent magnets, fuel cells, batteries, phosphors, 
and are critical components for many catalysts used in petroleum refining and chemical 
processing (Gambogi, 2011; Jordens et al., 2013). The rare earth elements consist of the elements 
lanthanum through lutetium (atomic numbers 57 through 71), and can be subdivided into the 
light rare earth elements (LREEs) and the heavy rare earth elements (HREEs). Yttrium and 
scandium are also loosely classified as REEs due to their similar atomic properties. Scandium is 
used domestically in the production of aluminum alloys for use in baseball and softball bats, and 
pure scandium has uses in semiconductors and specialty lighting (Gambogi, 2011). Yttrium is 
domestically used in oxygen sensors, linear fluorescent lamps, and cathode-ray tube phosphors 
(Gambogi, 2011). Although divided on the topic, many researchers who study REE systematics 
classify the LREEs as lanthanum through europium, and the HREEs at gadolinium through 
lutetium plus yttrium. Scandium is trivalent; however, its other properties allow it to be classified 






not uncommon elements. Cerium occurs in the Earth’s crust at an average concentration of 60 
ppm, making it more abundant that copper (Gambogi, 2011). Even the least abundant REEs, 
thulium and lutetium, occur at concentrations above elements such as antimony, bismuth, and 
cadmium in the Earth’s crust (Gambogi, 2011). The scarcity of REEs comes from the fact that 
discovered ore-grade concentrations of REEs are less common than other elements such as gold 
and copper (USGS, 2014).  
China currently produces nearly 91% of the world's REEs (USGS, 2014). It produced 
roughly 100,000 tons of the 110,000 tons of rare earth element oxide (REO) produced globally in 
2013. China’s export quota was only 31,000 tons REO in 2013 (USGS, 2014). US consumption 
of REEs has increased to 10,500 tons REO in 2013, up from 5,770 tons in 2012. Domestic 
production of REO in 2013 was 4,000 tons, up from only 800 tons in 2012 (USGS, 2014). This 
production increase is primarily due to the reopening of Molycorp’s Mountain Pass operations in 
early 2012 (Gambogi, J., 2011; USGS, 2013). As China has continued to limit its exports of 
REEs in recent years, it has become apparent that new resources outside of China are necessary 
to ensure diversity in the REE supply chain. One potential source of domestic REE-production is 
REE-enriched carbonatites. Mitchell (2005) speculated that the reason discoveries of ore-grade 
concentrations of REEs are less common than other elements is due to a lack of knowledge of 
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Carbonatites are found world-wide and dominantly occur within Archean through 
Neoproterozoic continental crust. Within the Precambrian shields, carbonatites are further 
constrained to localities near intracontinental rift and fault systems, forming part of alkaline 
magmatic provinces (Berger, 2009). The majority of carbonatites occur as rounded plugs or 
stocks, although they can also occur as dikes or vein complexes, and are commonly associated 
with ultramafic and alkaline intrusive rocks. These associated lithologies include pyroxenite, 
lamprophyre, syenite, trachyte, nepheline syenite, and ijolite. Many complexes also contain 
carbonatite breccias and fenite (Berger, 2009).  
Carbonatites are broadly defined as igneous rocks containing more than 50 modal % 
primary carbonate minerals and less than 20 weight % SiO2 (Le Maitre, 2002). The nomenclature 
for carbonatites is based on the prevalence of the dominant carbonatite mineral; calcite-dominant 
lithologies are called calcite-carbonatites or calciocarbonatites (sövite if coarse-grained, or 
alvikite if medium to fine-grained), and dolomite-dominant lithologies are called dolomite-
carbonatites, magnesiocarbonatites, or beforsite. Ferrocarbonatites are ankerite-dominant, and 
natrocarbonatites are rich in primary Na, K, and Ca-carbonate minerals. A genetic classification 
scheme has also been proposed that divides carbonatites into two groups: primary carbonatites 
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and carbothermal residua (Mitchell, 2005; Jones et al., 2013). Primary carbonatites are formed 
by partial melting of mantle-derived silicate magmas and are commonly associated with 
melilitite, nephelinite, and kimberlite, whereas carbothermal residua form from low temperature, 
CO2, F, and H2O-rich fluids (Jones et al., 2013). 
Carbonatitic rocks were first described from the Lower Narbada Valley in India by Bose 
(1884) and were thought to have a sedimentary origin.  A magmatic origin for carbonatites was 
not proposed until the investigations of the Alnö carbonatite complex in Sweden by Högbohm 
(1895) and the Fen complex in Norway by Brøgger (1921). This research, along with the 
discovery of natrocarbonatite lava erupting from the Ol Doinyo Lengai volcano in Tanzania in 
the late 1950’s and early 1960’s, renewed interest in the study of carbonatite genesis. The 
resurgence of carbonatite research over the past five decades, however, has not resulted in 
substantial progress in our understanding of the processes involved with carbonatite genesis or 
their common spatial association with alkalic rocks. Mitchell (2005) speculated that the main 
limitation to studies of carbonatite genesis is the lack of extrusive carbonatites that might be 
representative of parental magmas, and pointed out that recent research has looked at 
carbonatites as a single rock-type as opposed to a group of rocks with many potential origins.  
The Iron Hill Carbonatite Complex (IHCC) in Gunnison County of Colorado, U.S.A., has 
been studied since 1912, and theories regarding the origin and evolution of the complex have 
evolved as our understanding of carbonatite petrogenesis has changed. Hypotheses have included 
hydrothermal formation of marble in the open vent of a volcano (Larsen, 1942), inclusion of a 
large Precambrian marble block in the surrounding alkalic rocks (Larsen, 1942), metamorphism 
of a pyroxenite (Temple and Grogan, 1965), fractionation of a carbonated mafic melt and 
immiscibility of a discrete carbonate fluid (Nash, 1972) and partial melting of peridotites in the 
upper mantle (Van Gosen, 2009). The complex has been explored for a variety of resources, 
including vermiculite, iron, titanium, thorium, niobium, and rare-earth elements (REEs) 
(Armbrustmacher, 1981). Historically, the pyroxenites of Iron Hill were mined for vermiculite 
and iron, however, since the mid 1940’s the complex has primarily been studied for its rare earth, 
thorium, titanium, and niobium resources (Olson and Wallace, 1956; Armbrustmacher, 1981; 
Olson and Hedlund, 1981; Van Gosen and Lowers, 2007). The Iron Hill carbonatite complex 






Gosen, 2009). This work aims to shed light on the common association of alkalic rocks and 
carbonatites by proposing one potential model for the genesis of the rock units found at Iron Hill. 
 
2.2 Geological setting and previous work 
The Powderhorn district is a 650 km
2
 area in Gunnison County, Colorado consisting 
mainly of Proterozoic metasedimentary and metavolcanic rocks that have been intruded by a 
number of granitic and alkalic igneous rocks (Nash, 1925; Larsen, 1942; Hedlund and Olson, 
1981). A series of Paleozoic sedimentary rocks (including significant limestone) was deposited 
on the older metamorphic and igneous rocks, followed by a cover of Triassic sedimentary 
deposits (Larsen, 1942). The Paleozoic sedimentary rocks were locally eroded away and a 
succession of late Jurassic and Cretaceous terrestrial shales and sandstones were deposited on top 
of the remaining sedimentary rocks (Larsen, 1942; Hedlund and Olson, 1981). After another 
period of erosion that removed much of the Upper Jurassic and Cretaceous sedimentary cover, 
Oligocene and Miocene volcanic flows and tuffs were deposited on an irregular erosional surface 
(Larsen, 1942; Temple and Grogan, 1965; Hedlund and Olson, 1981). The Powderhorn district 
contains numerous occurrences of thorium, niobium, gold, silver, REEs, titanium, and other 
metals (Larsen, 1942; Temple and Grogan, 1965; Hedlund and Olson, 1985).  
The Iron Hill carbonatite complex (IHCC) is located in the Powderhorn district on the 
northwest side of the San Juan volcanic field, roughly 35 km south-southwest of the city of 
Gunnison (Fig. 2.1 inset). The IHCC crops out over 31 square kilometers (Van Gosen, 2008) and 
has been described as the best example of the carbonatite-alkalic rock association in the United 
States and one of the outstanding occurrences in the world (Olson and Hedlund, 1981).  The 
complex consists of a ringed series of alkalic igneous rocks with a carbonatite stock at the center 
(Fig. 2.1).  Much of the sedimentary and volcanic cover present in the Powderhorn district has 
been eroded away at the IHCC. Staatz et al. (1979) conducted a preliminary resource assessment 
of the portion of the Iron Hill carbonatite stock that projects above the surrounding land surface. 
They estimated the hill contains 722,700,000 tons of carbonatite, with 31,080 tons ThO2 at an 
average grade of 0.0043%, 411,900 tons Nb2O5 at 0.057%, 2,865,000 tons rare-earth oxides 
(REO) at 0.397%, and 9,180 tons of U3O8 at 0.00127%. Staatz et al. (1979) notes that there are 
significant probable potential resources below the hill, down to a depth of 800 ft. The estimated 






tons ThO2, 1,523,000 tons Nb2O5, 10,590,000 tons REO, and 33,930 tons U3O8 (Staatz et al., 
1979). The distribution of these elements of interest within the carbonatite is heterogeneous, and 
higher grades could be obtained through selective mining techniques (Staatz et al., 1979). It is 
important to note that these estimates only take into account potential resources within the 
carbonatite stock. Whole rock analysis by Van Gosen (2008) indicates that all lithologies at the 
IHCC are enriched in REEs, and thorite veins and carbonatite dikes are not confined to the 
carbonatite stock. Core drilling indicates that the complex is funnel-shaped and tapers at depth 
(Temple and Grogan, 1965). From oldest to youngest, the major rock units found at the IHCC 
are pyroxenite, uncompahgrite, ijolite, nepheline syenite, and a dominantly ankeritic dolomite 
carbonatite stock (Armbrustmacher, 1981; Olson and Hedlund, 1981; Van Gosen, 2009). A 
summary of the main characteristics of each lithology can be found in Table 2.1.  
 
 
Fig. 2.1. Simplified geologic map of the Iron Hill carbonatite complex (IHCC) with sample 














Table 2.1. Summary of the main characteristics of Iron Hill carbonatite complex lithologies 
 
 
Roughly 70 percent of the exposed bedrock at Iron Hill is the pyroxenite unit (Temple 
and Grogan, 1965; Olson and Hedlund, 1981; Van Gosen and Lowers, 2007). This rock unit has 
been dated at roughly 570Ma by Olson et al. (1977) by K-Ar on biotite and hornblende and Rb-
Sr whole rock, 603+/-21Ma by Premo and Lowers (2013) by Pb/Pb whole rock, and 617 +/- 
35Ma by Premo and Lowers (2013) by Rb-Sr whole rock. The pyroxenite consists primarily of 
augite, with lesser amounts of biotite, phlogopite, perovskite, ilmenite, aegirine, fluorapatite, 
sphene, and magnetite.  At least three subunits have been interpreted to occur, including (I) a 
coarse biotite and magnetite-rich pyroxenite, (II) a perovskite and apatite-rich pyroxenite, and 
(III) a melanite garnet (Ti-andradite)-rich pyroxenite. The pyroxenites also display evidence of 
layering and recrystallization that may suggest that this unit formed from multiple pulses of 
magma (Temple and Grogan, 1965; Van Gosen, 2009). Temple and Grogan (1965) noted 
pegmatitic zones within the pyroxenite that contain pyroxene crystals up to two meters long, and 
Olson and Hedlund (1981) described pyroxene crystals up to 15 cm long. In outcrop, the 
pyroxenite unit is highly weathered, resulting in a crumbly regolith rich in biotite and 
phologopite that have been altered to form pods of vermiculite near the surface. The numerous 
carbonatite dikes that crosscut the pyroxenite appear to have significantly aided in the 
weathering of this unit. Fig. 2.2 shows the amplified weathering of the unit proximal to the 
carbonatite dikes. Where the carbonatite dikes cut the pyroxenite unit there is a dramatic 
reduction in grain size, the pyroxene is bleached around the vein selvage, and the selvage 
Lithology Early Magmatic Minerals Late Magmatic Minerals Post-Magmatic/Hydrothermal Minerals
Coarse Biotite            
and Magnetite 
Pyroxenite
Ap, Di-Aug, Prv Amp, Bt/Phl, Ilm, Mag, Spn Aeg, Cal, Dol
Perovskite and 
Apatite Pyroxenite
Ap, Di-Aug, Prv  Amp, Bt/Phl, Ilm, Mag, Spn Cal, Py
Melanite Garnet 
Pyroxenite
Ap, Aug, Spn  Amp, Bt, Gt,  Ilm, Mag Cal
Uncompahgrite  Ap, Di, Prv Bt/Phl,Gt, Mag, Mll,  Spn, Zrc Aeg, Cal, Cel, Dol, Neph, Rct, Sp, Zrn
Ijolite Ap, Aug (cg)
Aug (fg), Bt, Gt, Ilm, Mag, Mll,                  
Neph, Prv, Py, Spn, 
Cal, Dol, Rct
Nepheline Syenite Aeg-Aug Bt/Phl, Mag, Mc/Alb (perth),  Neph, Spn, Cal, Dol, Rct
Carbonatite Aeg, Ap, Gn, Py, Sp Brt, Bt/Phl, Cal, Dol, Mag, Mc, Qtz, Rct Cal, Dol, Lim, Mc (vns), Py
Dominant mineral species are in bold (>10 modal%). Aeg, aegirine; Amp, amphibole; Alb, albite; Ap, apatite; Aug, augite; Brt, barite; Bt, 
biotite; Cal, calcite; Cel, celestine; Di, diopside; Dol, dolomite; Gn, galena; Gt, garnet; Ilm, ilmenite; Lim, limonite; Mag, magnetite; Mc, 
microcline; Mll, mellilite; Neph, nepheline; Phl, phlogopite; Prv, perovskite; Py, pyrite; Qtz, quartz; Rct, richterite; Sp, sphalerite; Spn, 










Fig. 2.2. Photograph of the pyroxenite unit showing enhanced weathering proximal to 
vertical carbonatite dike.  
 
The pyroxenite was intruded by the uncompahgrite unit. This lithology is primarily 
composed of melilite-group minerals and diopside, with lesser amounts of melanite garnet, 
magnetite, apatite, and perovskite. Nash (1972) observed 50 cm melilite crystals within 
pegmatitic zones of the uncompahgrite. The pyroxenite and uncompahgrite were in turn intruded 
by an ijolite, consisting of medium-grained augite in a fine-grained groundmass of nepheline that 
has been altered to cancrinite, with lesser amounts of biotite, apatite, magnetite, ilmenite, and 
melanite garnet. In the northeastern portion of the complex, nepheline syenite intruded at the 






composed of roughly 80 modal percent perthitic microcline, with lesser nepheline, aegirine-
augite, biotite, magnetite, and ilmenite. A subunit exists where the nepheline syenite intruded 
and brecciated the pyroxenite. This subunit consists of brecciated pyroxenite with many small 
dikes of nepheline syenite (Armbrustmacher, 1981; Van Gosen and Lowers, 2007).  
The last intrusive unit in the complex is the carbonatite stock. The carbonatite ranges 
from coarse to fine-grained, and is dominantly composed of ankeritic dolomite, with lesser 
aegirine, potassium feldspar, iron oxides and hydroxides, biotite, fluorapatite, rutile, barite, 
calcite, and quartz. The carbonatite makes up the majority of the prominent hill at Iron Hill. This 
unit displays a variety of weathering patterns in outcrop. The stock forms a craggy outcrop 
consisting of massive, coherent, ankeritic-dolomite-dominant carbonatite. This appears to grade 
into less-resistant zones of carbonatite that has a crumbly, clastic-textured rind of euhedral to 
subhedral dolomite crystals between 1 mm and 1 cm in width. Beneath this centimeter-thick rind, 
the carbonatite stock has similar carbonate crystal grain size to the more coherent zones, but 
contains considerably more iron oxides. This zone also contains abundant euhedral pyrite that 
has been partially to fully replaced by hematite without destroying the pyrite crystal shape. 
Discrete resistive zones consisting almost entirely of boxwork ankerite and limonite with vugs 
and veins of fine to coarse euhedral calcite occur as prominent features extending from the sides 
of Iron Hill. These zones appear to represent the most highly-altered areas of the stock and were 
observed up to 15 meters-wide by 10 meters-tall. The carbonatite displays foliation and lineation 
along shear planes. Where the carbonatite intruded the pyroxenite and uncompahgrite, a mixed-
rock zone formed. Temple and Grogan (1965) and Nash (1972) presented evidence of melt 
mixing in this unit, and the mixed zone displays textures and compositions between those of the 
pyroxenite and carbonatite stock (Lowers, 2005; Van Gosen and Lowers, 2007).  
Hundreds of carbonatite dikes are more or less radially-distributed around the carbonatite 
stock and crosscut all earlier igneous rock units and Proterozoic country rocks. These thin dikes 
are genetically related to the carbonatite stock (Fenton and Faure, 1970; Van Gosen, 2009). 
Carbonatite dikes occur throughout the Iron Hill carbonatite complex, but are most common 
within the carbonatite stock. They are 5-30 cm wide (Fig. 2.3) within the carbonatite stock and 
generally occur as subvertical dikes. They are more recessive than the stock and tend to weather 







Fig. 2.3. Photograph of carbonatite dike crosscutting the Iron Hill carbonatite stock. The 
carbonatite dikes are generally recessive where they are exposed within the carbonatite stock.  
 
The complex also contains Cambrian or Ordovician-age gabbroic dikes, as well as many 
thin orthoclase-quartz-thorite, fluorite-quartz, limonite-barite, and jasper veins.  Circulation of 
late- to post-magmatic hydrothermal fluids produced zones of fenitization within the surrounding 
Proterozoic granite, syenite, and metamorphic country rocks, which reflects the alkali nature of 






Around 30 Ma, eruptions of the San Juan volcanic field likely covered much of the 
complex with volcanic rocks, but recent erosion has removed this volcanic cover and exposed 
the bedrock of the IHCC (Armbustmacher, 1981, Van Gosen, 2009). The northwest-southeast 
trending Cimarron Fault bisects the complex and exposes deeper levels of the complex to the 
northeast side of the fault zone (Armbrustmacher, 1981; Van Gosen, 2008). This southward-
dipping normal fault has over 450 meters of displacement locally, and extends at least 55km 
northwest of the Powderhorn district (Olson and Wollace, 1956). The southern extent of the 
Cimarron Fault is not known.  Movement along the fault occurred primarily in the late 
Cretaceous to early Tertiary, but continued after the volcanic rocks from the San Juan eruptions 
formed (Olson and Wollace, 1956). Likely a result of this faulting, almost all of the 
uncompahgrite, most of the ijolite, and the carbonatite stock are found to the southwest of the 
fault, and magnetite-ilmentite-perovskite-dominant segregations of the pyroxenite, as well as the 
nepheline syenite unit, are confined to the northeast side of the fault (Olson, 1974; 
Armbrustmacher, 1981). 
 
2.3 Analytical methods 
The following section will discuss the various analytical methods used in this study. 
These include Quantitative Evaluation of Minerals by Scanning Electron Microscopy 
(QEMSCAN), cathodoluminescence and backscattered electron imaging, electron microprobe 
analysis, and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). 
 
2.3.1 Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) 
From the 48 thin sections examined by transmitted and reflected light microscopy (Table 
2.2), a representative suite of 19 samples were selected for automated mineralogical  analysis at 
the Colorado School of Mines in Golden, CO. These analyses were conducted to obtain 
quantitative modal mineral abundances and textural information for each sample, as well as to 
acquire qualitative and semi-quantitative mineral chemistry data. All QEMSCAN images and 
associated element maps can be found in Appendix A. Carbon-coated thin sections were loaded 
into the QEMSCAN instrument, which is based on the Zeiss tungsten filament EVO platform, 
and scan settings were input using FEI’s iDiscover software. Instrument calibration was 






and beam current optimization, backscatter electron range calibration using quartz (BSE value of 
42) and gold (BSE value of 232) as standards, and X-ray detector calibration. Full thin section 
scans were conducted on all samples using a 20 µm beam step size. Selected areas of interest of 
the uncompahgrite, coarse biotite and magnetite-rich pyroxenite, and the carbonatite stock were 
scanned using a 4 µm and/or 2 µm step size in order to resolve fine-scale textural relationships. 
All analyses were conducted in Field Image mode. Four energy dispersive X-ray (EDX) 
spectrometers acquired spectra from each point along the beam stepping interval with an 
acceleration voltage of 25 keV, a beam current of 5nA, and a beam size of roughly 1µm. 1,000 
total X-ray counts were acquired for each spectrum. The EDX spectra and backscatter electron 
signal intensity were compared to mineral and amorphous phase definitions within a species 
identification protocol (SIP) list. Based on this first fit comparison, each acquisition point was 
assigned a composition from the SIP list. This assignment does not distinguish between 
amorphous phases, mineral interfaces, and single minerals of the same composition. Verification 
of correct species assignment was confirmed by transmitted and reflected light microscopy, as 
well as conventional SEM imaging and point analyses. The SIP list was reduced by grouping 
appropriate definitions together for each scan, and colors were assigned to each group in order to 
produce the false-color mineral maps. The definitions within the SIP list and their groupings 
were repeatedly refined throughout the course of the data reduction process. QEMSCAN mineral 
spectra of every REE-bearing phase identified at the IHCC was compared to established REE-
bearing mineral spectra from other localities to help ensure accurate identification.  
 
2.3.2 Cathodoluminescence and backscattered electron imaging 
 Cathodoluminescence (CL) images of apatite and backscattered electron (BSE) images of 
pyroxene were taken at the United States Geological Survey Denver Microbeam Laboratory, 
Lakewood, Colorado. Polished thin sections were carbon coated. A cold cathode CL detector 
attached to a JEOL 5800LV electron microscope was used in conjunction with an adapted digital 
video camera to acquire CL images of apatite. The SEM was operated at 15kV during acquisition 















2.3.3 Electron microprobe analysis 
A suite of 11 polished thin sections representing every major lithology and all pyroxenite 
subgroups at the Iron Hill carbonatite complex (IHCC) was selected for electron microprobe 
analysis (EMPA) using wavelength-dispersive spectrometry (WDS). All analyses were 
performed with a JEOL 8900 electron probe microanalyzer operated at the United States 
Geological Survey Denver Microbeam Laboratory, Colorado. Seventeen well-characterized 
natural and synthetic standard samples were used to check calibration. For pyroxene in the IHCC 
samples, an acceleration voltage of 15 kV was used and the beam size was set to spot mode. 
Peak counting times were 30 seconds for major elements, 60 seconds for minor elements, and 
one minute for zirconium.  Background counting times were 30 seconds on each side of the peak. 
To avoid potential Na migration, this element was analyzed first. The full EMPA dataset is 
provided in Appendix B, and Appendix C contains locations of analyzed points on thin sections. 








1 1b-67.5 Coarse Bt-Mag Pyroxenite 25 IH10-298A Fenite
2 1b-77.0 Coarse Bt-Mag Pyroxenite 26 IH10-305 Fenite
3 1b-92.2 Coarse Bt-Mag Pyroxenite 27 IH10-306 Fenite
4 1b-307.6 Coarse Bt-Mag Pyroxenite 28 IH13-387 Fenite
5 1b-582.5 Prv-Ap Pyroxenite 29 IH13-388A Fenite
6 1-422.5 Monzonite 30 IH13-396 Fenite
7 1-508.0 Apatite-biotite pyroxenite 31 01B-IH06 Uncompahgrite
8 2-58.0 Carbonatite stock 32 03B-IH06 Carbonatite Dike
9 2-157.5 Carbonatite-pyroxenite mixed rock 33 06-IH06 Uncompahgrite
10 2b-162.5 Carbonatite-pyroxenite mixed rock 34 10A-IH06 Melanite Gt Pyroxenite
11 2-169.2 Carbonatite-pyroxenite mixed rock 35 10B-IH06 Orthoclase-Quartz-(Thorite) Vein
12 2b-192.4 Biotite and  amphibole rock with carbonate 36 15-IH06 Ijolite
13 3b-78.0 Carbonatite stock 37 22-IH06 Prv-Ap Pyroxenite
14 3b-197.4 Coarse Bt-Mag Pyroxenite 38 25-IH06 Prv-Ap Pyroxenite
15 3-416.8 Coarse Bt-Mag Pyroxenite 39 26-IH06 Pyroxenite
16 3b-497.5 Coarse Bt-Mag Pyroxenite 40 29A-IH06 Barite-Hematite Vein
17 3b-522.5 Perovskite-rich pyroxenite 41 32-IH06 Jasper Veins
18 3-584.5 Prv-Ap Pyroxenite 42 35-IH06 Carbonatite Stock
19 3b-727.5 Coarse Bt-Mag Pyroxenite 43 38-IH06 Carbonatite Stock
20 3b-777.5 Coarse Bt-Mag Pyroxenite 44 50A-IH06 Melanite Gt Pyroxenite
21 3b-832.5 Coarse Bt-Mag Pyroxenite 45 478 Ijolite
22 3b-862.5 Melanite Gt Pyroxenite 46 482 Fluorite-Quartz Veins
23 IH10-286 Fenite 47 491 Carbonatite vein






2.3.4 Laser ablation inductively coupled plasma mass spectrometry 
The trace element compositions of pyroxene and apatite were determined by laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the United States 
Geological Survey in Denver, CO using a 193 nm excimer laser ablation system (ESI NWR 
UP193-FX) coupled to a quadrupole ICP-MS (PerkinElmer DRC). Ablation of apatite and 
pyroxene was conducted using an 85 µm diameter spot size where possible, and a 40 µm spot 
where an 85 µm spot could not be accommodated. The appropriate spot size was selected based 
on a review of cathodoluminescence and backscatter electron images of the crystals in question. 
Single spot analyses were ablated using a pulse rate of 5 Hz and a fluence of 10 J/cm
2
. Ablated 
material was transported via a He carrier gas to a glass mixing bulb where the sample and carrier 
gas was mixed with Ar prior to entering the ICP torch. The USGS standard reference material 
BHVO was used for calibration.  
 
2.4 Results 
 The following section explains the results of a petrographic investigation of the 
mineralogy and paragenetic relationships observed within the major lithologic units found at the 
Iron Hill carbonatite complex, as well as the results of major element geochemical analysis of 
pyroxene crystals and trace element geochemical analyses of apatite and pyroxene crystals. 
 
2.4.1 Petrography  
Forty-eight polished thin sections samples were investigated. Samples were taken from 
drill core and surface samples and comprise all major lithologies present at the Iron Hill 
carbonatite complex. A list of studied thin sections for each lithology can be found in Table 2.2. 
Detailed transmitted and reflected light microscopy conducted on this suite of thin sections 
formed the basis for constructing accurate crystallization sequences for each major lithology 
found at the IHCC. Characteristic textures of each lithology are shown in Fig. 2.4. QEMSCAN 
analysis of a representative suite of samples was used to gain more information and further refine 
the crystallization sequences (Fig. 2.5) of each lithology. QEMSCAN analysis greatly assisted in 
accurate identification of unknown or misinterpreted mineral species, cryptic compositional 








At least three subunits of pyroxenite occur based on their distinct mineralogy and 
textures. These include a coarse-grained biotite and magnetite-rich pyroxenite, a perovskite and 
apatite-rich pyroxenite, and a melanite garnet-rich pyroxenite. Distinct subunits within the 
pyroxenite, similar to those described in this study, have previously been observed by Olson and 
Wallace (1956), Armbrustmacher (1981), Olson and Hedlund (1981), and Van Gosen and 
Lowers (2007).   
The coarse biotite and magnetite-rich pyroxenite subunit (representative samples 1b-77.0 
and 1b-67.5) contains both fine-grained and coarse-grained members, as well as coarse magnetite 
and ilmenite pods in hand sample. The fine-grained member of the coarse biotite and magnetite-
rich pyroxenite is hypidiomorphic with average crystal size ranging from 200 µm to 500 µm, 
whereas the coarse-grained member displays a much wider variation in crystal size (between 200 
µm and 3 cm). The fine-grained member displays weak to moderate compositional layering 
parallel to contacts with the coarse-grained member. The layering is most apparent in variations 
in the amount of augite and subparallel biotite crystals. In agreement with descriptions by Olson 
and Hedlund (1981), the modal mineralogy of the pyroxenite unit is highly variable. This 
observation seems most applicable to the coarse biotite and magnetite-rich pyroxenite subunit. 
This subunit primarily consists of the following minerals, listed in their general order of 
frequency: augite, biotite, magnetite, apatite, perovskite (partially replaced by sphene and locally 
altered to leucoxene where most strongly altered), ilmenite, calcite, and sphene. Early magmatic 
euhedral augite crystals were observed to be up to 8 mm long within the coarse-grained member. 
Euhedral perovskite and apatite also occur as early magmatic phases, with crystal sizes ranging 
from 100 µm to 2 mm in the coarse-grained member. Subhedral magnetite, ilmenite, and trace 
amounts of amphibole occur as late magmatic phases. Magnetite content increases moderately at 
the contact between the coarse-grained and fine-grained members (Fig. 2.6). Biotite occurs as 
large oikocrysts within the coarse-grained member, enclosing nearly all earlier magmatic 
minerals. It also occurs as a reaction phase between magnetite and earlier augite crystals (Fig. 
2.7).   Biotite crystals up to 10 cm in diameter were observed in outcrop. Fine-grained post-
magmatic or hydrothermal aegirine occurs in trace to minor amounts and is commonly 
associated with blebby hydrothermal calcite. Veinlets composed of calcite with an ankeritic 







Fig. 2.4. Photomicrographs showing characteristic textures of each major lithology present at the 
Iron Hill carbonatite complex: (a) Coarse biotite and magnetite-rich pyroxenite; (b) Perovskite 
and apatite-rich pyroxenite; (c) Melanite garnet-rich pyroxenite; (d) Uncompahgrite; (e) Ijolite; 
(f) Nepheline syenite; (g) Carbonatite stock; (h) Fenite. Ab, albite; Aeg-Aug, aegirine-augite; 
Ap, apatite; Aug, augite; Bt, biotite; Dol, dolomite; FeOx, iron oxides; Gt, garnet; Mag, 






These veinlets occur along biotite cleavage planes and at odd angles to more competent minerals. 
They are continuous across the contact between coarse-grained and fine-grained members, and 
crosscut the compositional layering. Where these carbonate veinlets crosscut perovskite crystals, 
the unaltered perovskite has been variably altered to leucoxene and parasite-synchisite was 
observed only within the leucoxene (Fig. 2.8A). Small amounts of wispy to needle-shaped 
amphibole occasionally form <20 µm reaction zones where carbonate veinlets crosscut augite 
crystals. Trace amounts of fine-grained sulfides, mainly pyrite, occur throughout the groundmass 
in both fine-grained and coarse-grained members and are interpreted to have formed early in the 
crystallization sequence. The coarse biotite and magnetite-rich pyroxenite contains trace amounts 
of anhedral late hydrothermal parisite and synchysite. These REE-bearing minerals occur in two 
distinct styles; (I) replacement of apatite (Fig. 2.8B) and (II) at locations where calcite veins 
crosscut leucoxene-altered perovskite. In the second case, parisite and/or synchysite only 
precipitate along the edges of calcite veins where a perovskite crystal has been altered to 
leucoxene, and within the broader zone of leucoxene alteration (Fig. 2.8A). REE-bearing 
minerals were not observed where calcite veins crosscut unaltered perovskite.  
The perovskite and apatite-rich pyroxenite (representative sample 1b-582.5) comprises 
both fine-grained and coarse-grained members that are compositionally very similar. Both 
members of the subunit are predominantly composed of roughly 25 modal percent early 
magmatic euhedral to subhedral augite crystals that appear to be intergrown with (or slightly 
post-date) roughly 25 modal percent euhedral magmatic perovskite crystals. The perovskite 
crystals in the perovskite and apatite-rich subunit of the pyroxenite are less altered than those in 
the coarse biotite and magnetite-rich pyroxenite, but are still locally replaced by sphene along 
micro-fractures. Sphene also occurs in minor amounts as subhedral crystals up to 0.5mm long 
within the groundmass. Biotite occurs between 10 and 15 modal percent in the fine-grained 
portions of the perovskite and apatite-rich pyroxenite, and between 20 and 30 modal percent in 
the coarse-grained portions of this subunit. In the coarse-grained member, primary magmatic 
biotite crystals up to 1.5 cm poikiliticly enclose 100 µm to 2 mm-wide euhedral perovskite 
crystals. Anhedral to subhedral apatite occurs between 5 and 10 modal percent within the 
groundmass. Primary magmatic apatite crystal size ranges from 100 µm to 4 mm in the coarse-









Fig. 2.5. Crystallization sequence for each major lithology present at the Iron Hill carbonatite complex. Pyroxenite subgroups are 
indicated as (1) Melanite garnet-rich pyroxenite. (2) Perovskite and apatite-rich pyroxenite, (3) Coarse-grained biotite and magnetite-










Fig. 2.6. QEMSCAN image of coarse biotite and magnetite-rich pyroxenite. Image shows the 
contact between coarse and fine-grained members. Late calcite veinlets crosscut weak contact-


















Fig. 2.7. Pyroxenite sample showing early pale yellow-green diopside being replaced by 
magnetite. A reaction zone of biotite exists between the magnetite and augite. Transmitted light 








Fig. 2.8. Backscattered electron images showing REE-bearing minerals hosted in various 
lithologies at the Iron Hill carbonatite complex: (A) coarse biotite and magnetite-rich pyroxenite 
sample showing parisite or synchysite hosted on the edges of a calcite veinlet that crosscuts 
altered perovskite. Parisite or synchysite also occurs within the leucoxene alteration; (B) 
uncompahgrite sample showing parisite or synchysite with pyroxene and mellilite; (C) parisite or 
synchysite replacing apatite within the carbonatite stock; (D) clotty monazite or rhabdophane 
hosted within dolomite of the carbonatite stock. 
 
Blebby magnetite occurs up to five modal percent within the subunit and contains trace 
ilmenite exsolution lamellae only in the coarse-grained portion of the subunit. The fine-grained 
member of the unit displays a weak banded texture that is most pronounced in the preferential 
orientation of biotite crystals between patches of augite crystals.  An increased abundance of 
magnetite crystals occurs within a roughly 1mm-wide sharp-edged boundary zone between the 
fine-grained and coarse-grained members. A dramatic grain size reduction also occurs within this 
boundary zone (Fig. 2.9). The perovskite and apatite-rich pyroxenite contains up to two modal 
percent pyrite. It occurs as early euhedral magmatic crystals, poikiliticly enclosed by perovskite, 
and as a post-magmatic or hydrothermal phase associated with hydrothermal calcite blebs and 
veinlets. Where the carbonate veinlets crosscut pyroxene crystals, a <20 µm wispy reaction zone 






synchysite occurs associated with late calcite veinlets.  The melanite garnet-rich pyroxenite 
(representative sample 10A-IH06) is dominantly composed of roughly 50 modal percent early 
magmatic medium-grained subhedral to euhedral augite crystals up to 2mm long, and 30 modal 
percent anhedral to subhedral ameboidal magmatic melanite garnet that are generally between 
300 µm and 1.5 mm wide. 
 
Fig. 2.9. QEMSCAN image of perovskite and apatite-rich subunit of the pyroxenite. Image 
shows a dramatic reduction in grain size at the contact between coarse-grained and fine-grained 
members. 20 µm resolution. 
 
Primary apatite occurs as both euhedral and anhedral grains less than 2 mm in size. Apatite 
comprises roughly five modal percent of the subunit and appears to be poikiliticly enclosed by 
both garnet and augite. Unlike the other subunits, subhedral sphene only occurs as discrete 






phase, excluding the garnets. No REE-bearing minerals were observed within the melanite 
garnet-rich pyroxenite. 
 Uncompahgrite 
The uncompahgrite (representative samples 01B-IH06 and 06-IH06) is dominantly 
composed of 20 to 30 modal percent early magmatic subhedral diopside up to 7mm in size and 
10 to 30 modal percent magmatic melanite garnets (titanian andradite) up to 6mm in diameter set 
in a fine-grained groundmass  of up to 45 modal percent fine-grained melilite-group minerals. 
This late magmatic groundmass can also contain appreciable (roughly 10 modal percent) late 
magmatic to post-magmatic feldpathoid minerals, mainly as nepheline, that occur as fine-grained 
patchy to veined intergrowths with the melilite. Some nepheline veins distinctly crosscuts earlier 
magmatic melanite and are themselves crosscut by late calcite. The investigated least-altered 
uncompahgrite sample shown in Fig. 2.10 has a porphyritic texture, and contains roughly 10 
modal percent 3-6mm subhedral magnetite crystals that are commonly rimmed by fine-grained, 
anhedral melanite garnets. Up to 3mm long subhedral to euhedral apatite crystals occur up to 10 
modal percent and can be poikiliticly enclosed by both diopside and garnet. Apatite also occurs 
throughout the fine-grained melilite and feldspathoid groundmass. The uncompahgrite also 
contains roughly five modal percent patchy, fine to medium-grained subhedral to anhedral biotite 
and phlogopite that is commonly intergrown with garnet. Fine-grained biotite and phologopite 
occur both as patchy masses within the groundmass, and within sub millimeter veinlets that 
crosscut earlier diopside and garnet crystals. Primary magmatic perovskite is partially to 
completely altered to sphene and occurs in trace amounts within melanite garnets and magnetite. 
 
Late hydrothermal amphibole, mainly ferro-richterite in composition, occurs in trace amounts as 
very fine-grained wispy patches within the groundmass and commonly rims melanite garnets 
(Fig. 2.11).  Late sub-millimeter calcite veinlets crosscut all earlier silicate minerals. These 
veinlets dilate into calcite blebs up to a few millimeters wide where they crosscut the fine-
grained melilite-feldspathoid groundmass. Trace amounts of very fine-grained late aegirine 
occurs within these dilational features and along the contacts with calcite and melanite garnet or 
diopside (Fig. 2.11). Trace amounts of fine-grained sphalerite and pyrite occur with calcite blebs 
in the groundmass and garnet crystals. Fine-grained anhedral parisite or synchysite occurs as late 






commonly associated with calcite veinlets within the melilite groundmass and blebby calcite 
within melanite garnets (Fig. 2.11). Secondary hydrothermal REE-bearing minerals were not 
observed within the least-altered uncompahgrite sample.  
Ijolite 
The ijolite (representative samples 478 and 15-IH06) is dominantly composed of 15 to 50 modal 
percent very fine-grained nepheline that has been almost entirely altered to cancrinite, and a 
bimodal distribution of medium and fine-grained augite crystals. The fine-grained augite crystals 
are subhedral and tend to occur in clusters with fine-grained biotite, magnetite, and apatite.  
These fine-grained augite crystals account for up to 10 modal percent of the ijolite, and are 
generally less than 2mm long. The medium-grained euhedral augite crystals are up to 3 cm long 
and 4mm wide, account for 20 to 25 modal percent of the ijolite, and appear to be the earliest 
magmatic mineral. Fine-grained melilite occurs in trace to minor amounts as discrete patches, 
intergrown with very fine-grained pyroxene, biotite, and garnet. These patches are discrete from 
the cancrinite groundmass, and tend to occur proximal to clusters of coarse-grained, euhedral, 
augite crystals. Subhedral magnetite crystals up to 5mm wide comprise 1-10 modal percent of 
the ijolite and contain distinct ilmenite exsolution lamellae that occupy roughly 10 percent of the 
magnetite crystal footprint. Subhedral to anhedral melanite garnets up to 2mm wide occur 
between five and 15 modal percent and are uniformly disbursed throughout the groundmass and 
with clusters of augite. Fine to medium-grained late magmatic ameboidal biotite occurs in trace 
to appreciable (up to 17 modal percent) quantities and tends to occupy space along and between 
magnetite and augite crystal boundaries. Euhedral sub-millimeter to 7mm long apatite account 
for roughly five modal percent of the ijolite and are peppered throughout the rock unit. Apatite 
can be poikiliticly enclosed by garnet and augite, or evenly distributed throughout the 
groundmass. Accessory anhedral perovskite appears intimately associated with melanite garnet, 
and is partially preplaced by sphene. Trace hydrothermal calcite occurs as sub-millimeter 
veinlets or as ~1mm-wide blebs within the groundmass. Trace amounts of euhedral to anhedral 
pyrite occur throughout the ijolite and display variable resorption textures. Secondary 























The nepheline syenite (representative sample 497) is composed of roughly 80 modal 
percent medium to coarse-grained perthitic microcline up to 1 cm long by 3 mm wide, with 5-10 
modal percent fine-grained interstitial nepheline. Perthitic microcline crystals are commonly 
twinned. The remainder of the rock unit includes minor amounts of ameboidal magnetite up to 
2mm across and patchy, very fine-grained biotite, with lesser amounts of aegirine-augite, 
amphibole, ilmenite, and sphene. Trace amounts of melanite garnet, apatite, calcite, and ankerite 
are present. Aegirine-augite crystals are generally subhedral, appear partially resorbed, and occur 
as both emerald-green and a paler yellow-green in plane polarized transmitted light (Fig. 2.12). 
Analysis of qualitative mineral chemistry data from automated mineralogy mapping suggests 
that the variation in pyroxene color is not compositionally controlled. Magnetite occasionally 
forms a partial corona around the most-resorbed aegirine-augite crystals. Rounded to blocky 
carbonate crystals between 100 and 250µm-wide occur poikiliticly enclosed by perthitic 
microcline. Trace amounts of parisite and synchysite occur peppered throughout the sample, but 
these minerals show some affinity for the carbonate phases.  
Carbonatite 
The carbonatite is predominantly composed of ankeritic dolomite, biotite, microcline, and 
apatite; however the modal abundances of these minerals are highly variable. Ankeritic dolomite 
ranges from roughly 25 to 95 modal percent with euhedral to anhedral crystals ranging from a 
few microns up to 1 cm. Biotite is found as fine-grained to medium-grained anhedral to 
subhedral patches within the groundmass up to 45 modal percent. Microcline can exist as 
unaltered euhedral crystals up to 2mm, or as less than 200 µm-wide veins cored by ankeritic 
dolomite. Microcline occurs up to 20 modal percent. The carbonatite also contains up to five 
modal percent fine-grained anhedral aegirine that tends to occur with biotite. The carbonatite 
generally contains up to 10 modal percent goethite within the groundmass. Subhedral apatite 
occurs up to eight modal percent within the groundmass and is interpreted to be an early 
magmatic phase. Barite occurs in trace to minor amounts within feldspar-bearing veins and 
within the groundmass. Amphibole occurs in trace amounts as late wispy anhedral crystals 
within the groundmass and is intimately associated with earlier aegirine and biotite.  Trace 
amounts of sulfides, mainly pyrite with lesser sphalerite, chalcopyrite, and galena form euhedral 







Fig. 2.12. Nepheline syenite sample showing early partially resorbed aegirine-augite crystals 
surrounded by a perthitic microcline groundmass. Note the variable color of aegirine-augite 
crystals. Transmitted light (PP).  
 
In order of decreasing frequency, ancylite, synchysite, parisite, monazite/rhabdophane, and 
bastnaesite were observed in minor to trace amounts. Subhedral to anhedral ancylite dominantly 
occurs within the ankeritic groundmass. Ancylite is occasionally rimmed by parisite or 
synchysite. Parisite and synchysite is commonly associated with barite and tends to occurs either 
within calcite/dolomite veins and blebs, or as an overgrowth on apatite (Fig. 2.8C), biotite, and 
feldspar crystals. Monazite/rhabdophane occasionally form clusters of fine-grained subhedral 
crystals within the ankeritic dolomite groundmass of the coarser-grained carbonatite and are 
commonly associated with fine-grained anhedral apatite. Backscatter electron images of the 
aggregates show distinct cores and rims on many crystals (Fig. 2.8D). Fine-grained anhedral 







Dikes and Veins 
The carbonatite dikes are composed of 45-65 modal percent ankeritic dolomite, 10-15 
modal percent feldspar, 5-15 modal percent biotite, and roughly five modal percent quartz. They 
also contain minor amounts of calcite and aegirine, with trace amounts of magnetite, hematite, 
ilmenite, apatite, amphibole, sphene, barite, pyrite, parisite and synchysite. Ankeritic dolomite 
generally occurs as sub-millimeter subhedral crystals. Microcline can occur as fine to medium-
grained wispy patches up to 3 mm-wide that are partially to completely replaced by ankeritic 
dolomite, or as subhedral crystals up to 1mm in size. Quartz crystals are fine-grained, anhedral to 
subhedral, and commonly intergrown with barite. Biotite occurs as fine-grained patchy to 
disseminated masses throughout the groundmass. Trace amounts of ancylite, parisite, and 
synchysite occur throughout the carbonatite veins. These REE-bearing minerals dominantly 
occur within ankeritic dolomite crystals, but are also commonly associated with patches of barite 
and quartz.  
Studied vein types include orthoclase-quartz-thorite, limonite-barite, and jasper veins. 
The studied orthoclase-quartz-thorite vein sample contains roughly 34 modal percent orthoclase, 
20 modal percent dolomite, and 15 modal percent quartz. The sample has a pseudo-porphyritic 
texture made up of 1mm to 5mm subhedral to anhedral quartz and feldspar crystals and up to 
1mm-wide subhedral barite crystals in a groundmass of fine-grained, intergrown carbonates, 
feldspar, and quartz. The vein contains roughly 11 modal percent biotite that occurs as very fine-
grained patches within larger feldspar crystals. These patches also contain appreciable hematite 
and goethite and trace amounts of aegirine. Hematite and goethite also occur as 200 µm-wide 
blebs within the groundmass. Aggregates of apatite crystals up to 200 µm-wide occur at roughly 
two modal percent within larger feldspar crystals and the fine-grained groundmass. The sample 
also contains trace amounts of perovskite, sphene, ilmenite, richterite, augite, garnet, melilite, 
pyrite, sphalerite, thorite, monazite, parisite, synchysite, and ancylite. 
The investigated limonite-barite vein sample contains roughly 60 modal percent limonite 
(mainly as goethite) and 25 modal percent barite with nine modal percent jarosite. Patches of 
limonite are intergrown with barite crystals between 500 µm and 2 cm in size. Veinlets of barite 
crosscut limonite crystals, and veinlets of limonite crosscut barite crystals. Crystal morphology 
suggests that much of the limonite may have originally been hematite, and trace amounts of 






aggregates of very fine-grained acicular, euhedral crystals throughout the limonite and barite. It 
is most commonly found at the interface between limonite and barite crystals, but is also found 
in open space and within limonite veins. The acicular jarosite crystals terminate towards the 
middle of open space and veins, displaying a drusy texture. The vein also contains trace amounts 
of biotite, potassium feldspar, apatite, rutile, ilmenite, and pyrite. Thorium-rich monazite is most-
commonly found within barite and is the dominant REE-bearing mineral. It occurs at nearly one 
modal percent and forms crystals up to 400 µm in size.  
The studied jasper vein sample is dominantly composed of quartz (47 modal percent) and 
limonite (36 modal percent). It is the most REE-enriched sample in this study. Monazite 
accounts for roughly two modal percent of the sample and ancylite accounts for a little over one 
modal percent. Monazite and ancylite appear intergrown with barite in anastomosing veins, and 
are also found as discrete phases within the patchy quartz and limonite groundmass. Barite 
occurs at two modal percent as blebby or ameboidal masses up to 1.5 mm within quartz-
dominant patches. Subhedral to anhedral apatite crystals up to 1 mm occur up to two modal 
percent  throughout the sample and are coarsest within the quartz-dominant patches. Manganese 
oxides occur at around one modal percent and are crosscut by quartz veinlets. The manganese 
oxides are interpreted to be partially replaced by or intergrown with limonite. Trace amounts of 
very fine-grained biotite, aegirine, and feldspar are also found throughout the groundmass. 
 
2.4.2 Mineral chemistry 
Major Element Composition of Pyroxene 
Pyroxene forms early magmatic crystals in all major lithological units as well as late, 
fine-grained hydrothermal masses within the coarse-biotite and magnetite-rich pyroxenite and 
the uncompahgrite. Continuous compositional trends are visible in the major element chemistry 
of the early magmatic pyroxenes found within the uncompahgrite, ijolite, nepheline syenite, and 
carbonatite units at Iron Hill. Electron microprobe analysis showed that the end-member 
distribution of early pyroxene is Di45-82Hed4-37Aeg3-13 (n=60) in the pyroxenite and varies by 
subunit, Di69-98Hed2-19Aeg0-5 (n=35) in the uncompahgrite, Di59-74Hed7-20Aeg3-8 (n=27) in the 
ijolite, Di17-25Hed27-40Aeg33-40 (n=13) in the nepheline syenite, and Di0-1Hed0-5Aeg77-89 (n=12) in 
the carbonatite. Pyroxenes in the northern fenite are Di22-35Hed32-46Aeg21-36 (n=16) in 






are Di0-1Hed1-2(Aeg+Ti-Aeg)91-92 (n=3) in composition (Fig. 2.13). The late aegirine overgrowths 
in the coarse biotite and magnetite-rich pyroxenite contain 3.3-4.3 wt. percent TiO2 (Table 2.3). 
The distribution of end-member compositions is plotted in Fig. 2.13. Pyroxene within the 
pyroxenite units have XFe [Fetotal/(Fetotal+Mg)] values of 0.17-0.53 that vary by subunit. XFe 
values for early magmatic pyroxene are 0.01-0.33 in the uncompahgrite, 0.27-0.37 in the ijolite, 
0.72-0.81 in the nepheline syenite, and 0.95-0.99 in the carbonatite. XFe for pyroxene in the 
northern fenite is 0.61-0.76. XFe for late aegirine overgrowths in the coarse biotite and magnetite-
rich pyroxenite is 0.91-0.95 (Table 2.3).  
Compositional alteration within the hydrothermally-altered uncompahgrite sample is 
reflected in the variability of the Fe/Mg ratio of early diopside crystals, as seen in the wide range 
of uncompahgrite values in Fig. 2.14B. The analyzed ijolite samples have very similar 
mineralogy, except for nepheline content, and early augite appear unaltered. However, the major 
element chemistry of augite is distinct between the samples. Augite within ijolite sample 15-
IH06 generally have higher Si, lower Ti, lower Al, no Zr, higher ferrous Fe, slightly lower Ca, 
and higher Na than augite within ijolite sample 478. The compositional differences between 
augite in the two samples are observed as two distinct ijolite populations in the Fe/Mg ratios 
plotted in Fig. 2.14B.  The major element chemistry of aegirine-augite crystals in the nepheline 
syenite is very consistent, as is the major element chemistry of early aegirine within the 
carbonatite stock. 
The Ca/Na and Mg/Fetotal ratios of early magmatic pyroxene decrease steadily from the 
uncompahgrite to the carbonatite. Plots of Ca/Na and Mg/Fetotal normalized to atoms per formula 
unit are shown in Figs. 2.14A and 2.14B. The pyroxenite does not fit the compositional trends 
mentioned above. Compositional variations of early magmatic pyroxene within each unit or 
subunit do not appear to be attributed to any clear zonation patterns. Backscattered electron 
images show only faint, patchy variations in mean atomic number within any given crystal. 
Trace Element Composition of Pyroxene 
The trace element chemistry of early magmatic pyroxene from 10 representative samples 
(Table 2.4) was obtained using LA-ICP-MS. Rare earth element profile and trace element spider 
diagrams for these analyses are shown in Fig. 2.15. In the coarse biotite and magnetite-rich and 
the perovskite and apatite-rich subunits of the pyroxenite, primitive mantle (PM)-normalized 






roughly three. In the melanite garnet-rich subunit, the PM-normalized patterns show light REEs 
are enriched by a factor of roughly 10 and the middle REEs are enriched by a factor of around 
three. All REEs heavier than Gd were below detection limits in pyroxene from this subunit. Late 
aegirine overgrowths within the coarse biotite and magnetite pyroxenite show highly variable 
PM-normalized REE patterns, as shown in Fig. 2.15A 
With the exception of one spot analysis, early pyroxene within the unaltered 
uncompahgrite have PM-normalized patterns that are enriched in the light REEs by a factor of 
around 15, enriched in the middle REEs by a factor of two to five, and enriched in the heavy 
REEs by a factor of one to two. The altered uncompahgrite contains pyroxenes that display PM-
normalized patterns that are significantly depleted in the light REEs, and all REEs heavier than 
Sm were below the detection limits.  
 Early pyroxenes from two ijolite samples were analyzed for their trace element 
compositions. Neither sample contains noticeably altered minerals; however, the PM-normalized 
REE patterns of early pyroxenes within each sample are distinct. The REE patterns of pyroxenes 
from sample 15-IH06 are slightly convex, showing minor enrichment in both the light and heavy 
REEs. The REE profiles of pyroxenes from sample 478 are concave in shape and overall more 
enriched compared to those from 15-IH06. The light REEs are enriched by a factor of roughly 
20, the middle REEs are enriched by a factor of 12-29, and the heavy REEs are enriched by a 
factor of 1-11 (Table 2.4).  
The nepheline syenite and the fenite contain pyroxene with nearly identical PM-
normalized REE profile shapes that are distinct from those in earlier lithologies. They show 
relative enrichment in both the light and heavy REEs, with dramatically lower enrichment in the 
middle REEs. Although the pyroxene in the fenite is noticeably more enriched in the light REE 
(factors of roughly 30-40 vs 10-12), their PM-normalized REE patterns overlap over the middle 
and heavy REEs, as shown in Fig. 2.15C. The middle REEs are enriched by factors of 3-5 and 
the heavy REEs are enriched by factors of roughly 8 for Tm, 14 for Yb, and 25 for Lu. 
Pyroxenes within the fenite contain the highest average total REE content at 149 ppm. The PM-
normalized REE patterns of pyroxenes within the carbonatite stock are highly variable, but 










Analysis 1b-77.0_A_02* 1b-77.0_C_01 1b-67.5_A_01 1B-582.5_B_07 1B-582.5_C_03 1B-582.5_D_01 10A-IH06_A_03 10A-IH06_A_09 10A-IH06_C_02 01B-IH06_A_02 06-IH06_A_07 06-IH06_D_01
SiO2 52.75 50.56 50.34 50.85 50.40 50.64 50.15 50.16 50.69 55.42 50.18 45.63
TiO2 3.75 1.75 2.02 1.64 1.66 1.81 0.69 0.61 0.55 bdl 0.64 1.92
ZrO2 bdl 0.05 bdl 0.03 bdl bdl bdl 0.05 bdl bdl bdl 0.35
Al2O3 1.67 2.71 3.12 2.82 3.33 2.55 1.76 1.69 1.76 0.06 3.42 7.06
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO 24.56 5.43 6.00 6.45 6.92 5.53 15.97 16.03 15.56 0.52 7.78 7.67
MnO bdl 0.09 0.10 0.12 0.13 0.08 0.60 0.63 0.57 0.33 0.35 0.23
MgO 1.31 14.63 14.19 13.95 13.71 14.81 8.14 8.19 8.22 18.23 12.79 11.83
CaO 0.55 23.99 24.40 23.29 23.33 23.68 21.04 21.06 21.26 25.56 23.87 24.19
Na2O 12.88 0.51 0.50 0.65 0.70 0.48 1.67 1.63 1.69 0.03 0.53 0.39
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.01 bdl bdl
Total 97.46 99.72 100.67 99.79 100.18 99.60 100.03 100.05 100.29 100.16 99.57 99.27
Normalized formula based on 4 cations and 6 oxygen
Ferric form
Si 2.00 1.87 1.85 1.88 1.86 1.87 1.92 1.92 1.93 2.00 1.87 1.71
Ti 0.11 0.05 0.06 0.05 0.05 0.05 0.02 0.02 0.02 bdl 0.02 0.05
Zr bdl 0.00 bdl 0.00 bdl bdl bdl 0.00 bdl bdl bdl 0.01
Al 0.07 0.12 0.14 0.12 0.14 0.11 0.08 0.08 0.08 0.00 0.15 0.31
Cr bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Fe
2+ 0.12 0.09 0.09 0.14 0.12 0.10 0.34 0.34 0.35 0.02 0.14 0.07
Fe
3+ 0.66 0.08 0.09 0.06 0.09 0.07 0.17 0.17 0.15 bdl 0.11 0.17
Mn bdl 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.01 0.01 0.01
Mg 0.07 0.81 0.78 0.77 0.76 0.82 0.46 0.47 0.47 0.98 0.71 0.66
Ca 0.02 0.95 0.96 0.92 0.92 0.94 0.86 0.86 0.87 0.99 0.95 0.97
Na 0.95 0.04 0.04 0.05 0.05 0.03 0.12 0.12 0.12 0.00 0.04 0.03
K bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.00 bdl bdl
Ferric total 99.78 100.01 101.00 100.01 100.50 99.87 100.61 100.64 100.82 100.16 99.95 99.86
XFe 0.91 0.17 0.19 0.21 0.22 0.17 0.52 0.52 0.52 0.02 0.25 0.27
1b-77.0_A_02 is a late aegirine overgrowth. XFe [Fetotal/(Fetotal+Mg)]. Fe3+ based on stoichiometry (Mann, 2006). bdl=below detection limit. 
Coarse-grained Biotite and 
Magnetite-rich Pyroxenite
Perovskite and Apatite-rich 
Pyroxenite










Analysis 15-IH06_A_06 15-IH06_D_01 478_C_02 497_A_02 497_B_03 497_C_01 2-58.0_A_02 2-58.0_B_01 2-58.0_B_02 IH10-286_A_03 IH10-286_B_03 IH10-286_C_07
SiO2 49.04 49.44 45.77 50.95 50.56 50.45 53.00 53.22 53.16 50.70 50.56 51.21
TiO2 1.45 1.16 2.12 0.43 0.48 0.41 1.90 1.43 1.74 0.42 0.18 0.29
ZrO2 0.14 0.17 0.40 0.56 0.33 0.28 bdl bdl 0.09 0.12 0.11 0.09
Al2O3 4.14 3.33 7.53 1.78 1.82 1.85 0.76 0.71 0.42 2.38 1.36 1.54
Cr2O3 bdl 0.02 bdl bdl bdl bdl 0.14 0.22 0.04 bdl bdl bdl
FeO 8.86 8.88 8.20 21.04 21.90 21.90 27.28 28.10 27.97 18.43 21.35 20.56
MnO 0.26 0.30 0.17 1.12 1.22 1.14 bdl bdl bdl 1.03 1.43 1.09
MgO 11.80 12.08 11.56 4.14 3.60 3.68 0.73 0.34 0.64 5.79 4.14 4.84
CaO 22.85 22.84 23.83 15.06 14.91 15.60 0.05 0.04 0.11 18.74 17.05 15.78
Na2O 1.03 1.03 0.48 5.12 5.07 4.82 13.13 13.27 13.24 3.11 3.62 4.66
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Total 99.56 99.24 100.06 100.19 99.90 100.15 97.00 97.34 97.40 100.73 99.79 100.06
Normalized formula based on 4 cations and 6 oxygen
Ferric form
Si 1.84 1.86 1.71 1.95 1.95 1.94 2.02 2.03 2.02 1.93 1.97 1.96
Ti 0.04 0.03 0.06 0.01 0.01 0.01 0.05 0.04 0.05 0.01 0.01 0.01
Zr 0.00 0.00 0.01 0.01 0.01 0.01 bdl bdl 0.00 0.00 0.00 0.00
Al 0.18 0.15 0.33 0.08 0.08 0.08 0.03 0.03 0.02 0.11 0.06 0.07
Cr bdl 0.00 bdl bdl bdl bdl 0.00 0.00 0.00 bdl bdl bdl
Fe
2+ 0.15 0.14 0.10 0.32 0.35 0.35 0.08 0.08 0.08 0.36 0.43 0.32
Fe
3+ 0.13 0.14 0.15 0.35 0.36 0.36 0.79 0.82 0.81 0.23 0.26 0.34
Mn 0.01 0.01 0.01 0.04 0.04 0.04 bdl bdl bdl 0.03 0.05 0.04
Mg 0.66 0.68 0.64 0.24 0.21 0.21 0.04 0.02 0.04 0.33 0.24 0.28
Ca 0.92 0.92 0.95 0.62 0.62 0.64 0.00 0.00 0.00 0.77 0.71 0.65
Na 0.07 0.08 0.03 0.38 0.38 0.36 0.97 0.98 0.98 0.23 0.27 0.35
K bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Ferric total 100.03 99.75 100.61 101.41 101.13 101.38 99.75 100.19 100.25 101.53 100.70 101.23
XFe 0.30 0.29 0.32 0.74 0.77 0.77 0.95 0.98 0.96 0.64 0.74 0.70
 XFe [Fetotal/(Fetotal+Mg)]. Fe3+ based on stoichiometry (Mann, 2006). bdl=below detection limit. 













Fig. 2.13. Ternary plot showing pyroxene compositions in the diopside-hedenbergite-aegirine 
system. Curve indicates a continuous trend in end-member chemistry. Data from Nash (1972) are 








Fig. 2.14. Electron microprobe data of pyroxene: (A) Ca vs Na per formula unit and (B) Mg vs 










The high field strength elements Zr and Hf are enriched by 1-2.5 orders of magnitude in 
early magmatic pyroxene (relative to primitive mantle) in most samples, except for the unaltered 
uncompahgrite. Uranium is enriched in some aegirine overgrowths (by up to nearly three orders 
of magnitude) and in some pyroxene from the fenite (by up to a factor of 34) relative to primitive 
mantle. Niobium is enriched 1.5-2.5 orders of magnitude in pyroxene within the carbonatite and 
in late aegirine overgrowths in the pyroxenite relative to primitive mantle. The large ion 
lithophile elements Rb and Ba are depleted in most pyroxene from the nepheline syenite and 
fenite relative to primitive mantle. Rubidium also shows a pronounced negative anomaly in the 
late aegirine overgrowths and in some pyroxene from the carbonatite, while displaying a positive 
anomaly in other pyroxene from the carbonatite relative to primitive mantle. Strontium displays a 
pronounced negative anomaly within the late aegirine overgrowths in the pyroxenite, pyroxenes 
from the fenite, and roughly half of the pyroxenes analyzed from the carbonatite when compared 
to primitive mantle. Strontium in early magmatic pyroxene from all other lithologies is enriched 
relative to primitive mantle by factors of 10-65. Lead shows a strong negative anomaly in early 
pyroxene within the altered uncompahgrite, nepheline syenite, and fenite when normalized to 
primitive mantle values. Lead shows a positive anomaly within pyroxene from the unaltered 
uncompahgrite, carbonatite, and in many of the late aegirine overgrowths of the pyroxenite 
relative to primitive mantle. Pyroxenes from the perovskite and apatite-rich pyroxenite, ijolite, 
carbonatite and late aegirine overgrowths show both positive and negative Pb anomalies when 
normalized to primitive mantle values.  
Trace Element Composition of Apatite  
Apatite occurs within all lithologies at the IHCC, except for the nepheline syenite. 
Cathodoluminescence (CL) images of the apatite crystals from each lithology reveal little to no 
observable crystal zonation within the pyroxenite and ijolite units (Fig. 2.16A-E). The apatite 
crystals within the uncompahgrite unit display both simple and relatively complex crystal 
zonation (Figs. 2.16F-G and 2.17). The carbonatite (Fig. 2.16H) and fenite primarily contain 
apatite with complex CL signatures. As seen in Fig. 2.17, an apatite’s CL signature appears to 
correlate well with relative concentration of REEs. Bright backscattered electron (BSE) areas 
generally have higher REE concentrations than dark BSE areas. The REE concentration of 
apatite within each sample is consistent, with the exception of altered uncompahgrite sample 






element chemistry of apatite from nine representative samples was obtained using LA-ICP-MS. 
REE patterns and trace element spider diagrams for these analyses are shown in Fig. 2.18A-C. 
The PM-normalized REE patterns of apatite from all lithologies generally mimic the shapes of 
the PM-normalized whole rock REE patterns generated from data collected by Van Gosen 
(2008). That is, they are fairly straight, inclined towards the light REEs, and show very slight to 
non-existent negative Eu anomalies.  
One sample from each subunit of pyroxenite was selected for LA-ICP-MS analysis 
(Table 2.5). Apatite analyzed from the coarse-grained biotite and magnetite pyroxenite contain 
between 495 ppm and 1,256 ppm total REE. Apatite analyzed from the perovskite and apatite-
rich pyroxenite subunit contain between 902 ppm and 1,575 ppm total REE. As with the 
pyroxenes, apatites from the melanite garnet-rich subunit of the pyroxenite are more enriched in 
the light REEs than the other two subunits. Apatite analyzed from the melanite garnet-rich 
pyroxenite contain between 5,410 ppm and 7,731 ppm total REE. 
Two samples from the uncompahgrite unit were selected for LA-ICP-MS analysis: 06-
IH06 and 01B-IH06. Individual apatite in sample 06-IH06 display little variation in both CL 
response and composition within each crystal. Total REE concentration of apatites in 06-IH06 
ranges from 17,379 ppm to 19,633 ppm. Apatites within 01B-IH06 have complex CL signatures, 
displaying both patchwork patterns and discontinuous aggregates of concentric bright and dark 
CL signatures. The total REE concentration of apatite in 01B-IH06 ranges from as little as 68 
ppm to as high as 3,224 ppm. This variation in REE concentration is reflected in the altered 
uncompahgrite’s much broader PM-normalized trace element band plots shown in Fig. 2.18B. 
The REE concentration of individual apatite crystals varies spatially, and correlates well with the 
CL signature (Fig. 2.17). The areas of the crystal with the weakest (darkest) CL response in 
apatite crystal 01B-IH06-2 contains roughly 430 ppm total REE, the medium-dark areas contain 
roughly 600 ppm total REE, the areas of the crystal with a moderate CL response contain 
between 830 ppm and 1,000 ppm total REE, and the brightest area of the crystal contains roughly 
2,100 ppm total REE.  Apatite crystals in uncompahgrite sample 01B-IH06 contain between 
20,279 ppm and 54,528ppm strontium (average 28,685 ppm). It is also the only sample analyzed 








Table 2.4. Representative trace element compositions of pyroxene from the Iron Hill Carbonatite 
Complex in ppm 
 
 
Apatite crystals in uncompahgrite sample 06-IH06 contain an average of 5,106 ppm strontium. 
The pyroxenite, ijolite, carbonatite stock, and fenite contain apatite with average strontium 
concentrations of 5,651 ppm, 5,208 ppm, 7,728 ppm, and 5,577 ppm, respectively (Table 2.5). 
Two ijolite samples were selected for LA-ICP-MS analysis. Apatite crystals in both 
samples display very little variation in CL response.  Apatites analyzed from thin section 15-
IH06 contain between 1,840 ppm and 2,420 ppm total REE, whereas sample 478 contains apatite 


























Li bdl bdl bdl 9.56 bdl bdl bdl bdl bdl bdl 10.95 bdl 352.18 8.24 bdl 8.24
B bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Sc 75.06 105.66 107.72 93.34 19.42 9.55 bdl bdl 7.58 7.23 bdl 6.54 454.78 299.81 34.66 19.86
Ti 17366.2 10525.3 7968.30 8494.29 3536.50 3398.04 207.57 2146.73 6406.81 14039.2 2345.78 2248.46 8271.92 4397.65 1154.92 1078.59
V 1772.56 121.01 127.11 130.95 343.05 447.92 5.89 124.18 227.39 117.02 390.16 411.80 1639.13 1787.85 288.90 250.79
Cr bdl bdl bdl bdl 15.02 bdl bdl bdl bdl bdl bdl bdl 1246.80 484.45 17.68 bdl
Mn 97.96 748.51 943.95 957.08 3283.07 3490.18 2845.40 3066.89 2457.79 1367.70 28525.1 29715.9 200.83 900.99 26277.2 24151.9
Co 1.05 20.84 24.36 21.33 21.23 24.87 30.18 23.16 15.26 16.39 9.33 8.71 5.89 bdl 23.10 29.31
Ni bdl bdl bdl 7.18 bdl bdl 6.90 bdl bdl 5.85 bdl bdl 44.91 bdl bdl 6.77
Cu bdl bdl bdl bdl bdl bdl 1.86 bdl bdl bdl bdl bdl 2.55 4.77 bdl bdl
Zn bdl 30.05 18.84 29.42 133.81 133.18 36.29 103.68 97.95 58.47 363.87 306.40 72.68 bdl 558.44 575.67
Ga 9.12 8.11 11.02 10.22 8.14 7.82 bdl 18.96 14.30 31.02 15.86 18.68 20.29 10.88 9.78 13.97
As bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Rb 0.49 0.48 bdl bdl bdl bdl 0.35 bdl bdl bdl 0.54 0.86 98.94 5.32 0.39 bdl
Sr 109.01 274.63 329.22 350.92 627.35 587.98 787.09 405.08 433.11 343.99 262.51 224.79 42.78 78.76 273.12 198.96
Y 7.05 5.27 4.22 5.49 2.30 1.86 bdl 2.01 7.57 32.10 9.91 11.31 0.33 5.98 16.98 15.83
Zr 1198.34 247.02 502.85 546.57 370.80 192.11 26.35 302.76 1146.29 2998.68 3405.28 3117.01 192.64 2915.47 749.04 872.18
Nb 172.92 0.18 0.44 0.35 1.33 1.31 0.57 2.98 1.61 6.84 2.52 3.29 97.11 35.72 3.46 3.75
Mo bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 4.82 bdl bdl 8.19
Sn 11.65 2.05 3.17 3.81 2.66 2.24 bdl bdl 5.54 8.57 13.89 8.66 401.73 206.19 2.72 4.29
Sb bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cs 0.13 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.86 1.15 bdl bdl
Ba 52.14 4.81 bdl bdl bdl bdl 4.76 bdl 1.49 bdl 3.16 7.44 201.79 69.74 bdl 13.86
La 2.84 2.94 1.92 1.53 7.06 6.01 0.31 7.57 3.55 13.67 12.66 9.51 4.59 2.73 26.22 20.11
Ce 5.29 5.84 4.29 3.47 16.05 14.22 0.50 22.19 6.59 34.20 26.09 22.40 10.47 5.75 58.48 44.93
Pr 0.71 0.83 0.55 0.49 2.05 1.82 bdl 3.42 0.73 5.36 3.36 2.82 1.39 0.83 7.44 5.63
Nd 2.32 2.65 2.28 1.74 8.41 6.66 0.85 13.39 4.12 25.78 14.24 13.33 5.52 7.89 25.95 21.96
Sm 0.43 1.42 bdl 1.11 1.24 bdl bdl 2.00 0.88 10.19 1.71 1.59 0.96 2.40 3.52 2.46
Eu 0.39 0.38 0.37 0.23 0.56 0.41 bdl 0.79 0.53 3.42 0.38 0.55 bdl 0.70 0.99 0.60
Gd 1.91 0.96 bdl 1.12 1.29 1.04 bdl 1.22 2.27 12.02 1.72 1.26 bdl 1.26 2.29 2.03
Tb 0.13 0.18 0.14 0.24 bdl bdl bdl 0.13 0.24 1.30 0.33 0.19 0.10 0.30 0.40 0.20
Dy 1.14 1.04 bdl 0.55 bdl bdl 0.58 bdl 1.66 7.44 2.62 2.20 bdl 1.18 1.79 4.01
Ho 0.29 0.20 bdl 0.27 bdl bdl bdl bdl 0.25 1.11 0.34 0.37 bdl 0.32 0.57 0.59
Er 0.67 bdl 0.76 0.38 bdl bdl bdl bdl bdl 2.81 2.75 2.00 bdl 0.98 2.02 2.33
Tm bdl bdl bdl bdl bdl bdl bdl bdl 0.20 0.43 0.62 0.44 bdl 0.31 0.51 0.65
Yb 1.03 bdl 0.79 0.75 0.56 bdl bdl bdl 0.88 2.65 5.02 6.59 bdl bdl 5.37 13.47
Lu 0.18 bdl 0.09 0.15 bdl bdl 0.12 0.08 0.16 0.42 2.52 1.82 bdl 0.22 1.27 2.70
Hf 20.12 11.03 20.52 22.56 12.73 5.66 0.67 1.16 21.96 38.31 80.97 87.06 14.58 26.31 20.61 21.21
Ta 1.99 bdl bdl bdl bdl bdl bdl 0.30 0.19 0.88 bdl bdl 1.39 1.27 bdl bdl
W bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1.89
Pb 0.48 bdl bdl 0.28 bdl bdl bdl bdl 0.27 bdl 1.09 0.62 0.78 0.78 1.32 4.07
Bi bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Th 0.60 0.10 bdl bdl bdl bdl bdl bdl bdl bdl 0.41 0.39 1.33 0.31 0.80 bdl
U 0.14 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.23 0.66 0.28 0.57 bdl























Fig. 2.15. Primitive mantle normalized REE and trace element compositions for pyroxene 
crystals; (A) pyroxenite subunits and aegirine overgrowths within the coarse biotite and 
magnetite-rich pyroxenite; (B) uncompahgrite and ijolite; (C) nepheline syenite, fenite, and 
carbonatite stock. All trace elements are normalized to primitive mantle values from Palme and 
O’Neill (2004). The width of the band plot represents the range of all analyses for each sample. 
Late aegirine overgrowth and carbonatite point analyses are shown individually.   
 
The REE concentration is very consistent across each crystal and between apatite crystals within 
the same sample, but very different between the two analyzed samples. 
Only one sample of carbonatite (35-IH06) was found to contain appreciable apatite large 
enough to accommodate the 40 µm laser ablation spot size used in this study. Apatites in this 










Table 2.5. Representative trace element compositions of apatite from the Iron Hill Carbonatite 
Complex in ppm. 
 
These smaller crystals display complex CL zoning that consists of terminated submicron to 40 
µm growth bands and ovoid masses of varying CL response (Fig. 2.16H). The total REE 
concentration of the analyzed apatite crystals ranges from 4,036 ppm to 7,392 ppm.   
Apatites with the highest concentration of total REEs were analyzed in the fenite unit. 



























Li 3.61 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 42.40
B bdl 16.63 228.19 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 1029.61
Na 501.40 398.17 439.09 352.25 462.15 628.57 bdl 466.17 449.58 360.74 1151.64 1470.47 1181.68 1442.21
Mg 154.37 178.52 234.66 55.57 bdl 67.58 bdl 27.56 115.72 132.04 128.65 200.14 858.67 bdl
Al bdl bdl 24.48 bdl bdl bdl bdl bdl 17.80 bdl bdl bdl 157.73 bdl
Si 3519.63 5111.62 4084.21 1748.93 5349.93 2909.46 bdl 10100.90 4010.68 8504.19 bdl bdl 14329.91 13106.33
Sc 1.95 1.06 bdl 1.15 bdl 1.96 bdl bdl 1.06 bdl bdl bdl bdl bdl
Ti 20.44 21.83 bdl bdl bdl bdl bdl bdl 18.20 20.60 111.25 113.67 bdl bdl
V 178.85 181.70 141.62 137.96 210.61 218.57 78.66 247.64 199.98 254.53 8.10 bdl 28.03 63.69
Cr bdl bdl bdl bdl bdl bdl 24.34 bdl bdl bdl bdl bdl bdl bdl
Mn 84.39 85.39 72.96 58.83 172.10 185.18 23.07 92.79 111.06 56.88 196.91 305.43 1336.54 939.19
Fe 204.59 221.22 276.13 67.27 137.97 146.22 bdl 69.86 513.89 66.92 154.11 bdl 3262.11 2971.87
Co bdl bdl 0.61 bdl bdl bdl 1.76 bdl bdl bdl 4.25 bdl bdl bdl
Ni bdl bdl bdl bdl 1.90 bdl bdl bdl bdl 2.36 bdl bdl bdl 24.19
Cu 1.03 1.63 bdl bdl bdl 1.77 bdl bdl 31.87 1.47 4.57 bdl bdl 4.23
Zn 7.22 bdl bdl 9.94 bdl bdl bdl bdl bdl bdl bdl bdl bdl 103.66
Ga 0.32 bdl 0.66 bdl bdl bdl bdl bdl bdl 2.14 bdl bdl 3.28 7.19
As 1.93 2.10 1.96 bdl 7.75 4.09 32.59 14.30 4.40 7.96 22.41 16.66 59.87 bdl
Rb bdl bdl bdl bdl 0.27 bdl bdl 0.10 0.19 bdl bdl bdl bdl 1.20
Sr 4529.23 3823.01 3789.90 3784.24 7595.41 8117.78 54527.68 4662.48 5836.45 4847.09 7879.86 7175.60 4749.74 5914.96
Y 158.78 140.53 183.68 192.34 121.95 116.51 5.93 173.22 164.83 330.05 236.42 173.21 2270.53 2667.36
Zr 31.16 37.66 31.13 16.65 6.14 8.01 2.33 35.45 23.53 60.23 bdl bdl 78.99 86.20
Nb 0.21 0.13 bdl bdl 0.88 1.19 bdl 5.51 0.68 2.25 bdl bdl 6.36 3.79
Mo bdl bdl bdl 0.32 bdl bdl 1.47 bdl bdl bdl bdl bdl bdl bdl
Sn bdl bdl bdl bdl bdl bdl bdl bdl 0.66 0.88 bdl bdl 5.25 bdl
Sb bdl bdl 0.34 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Cs bdl bdl bdl bdl 0.05 bdl bdl 0.04 bdl 0.06 0.32 0.52 0.36
Ba 6.77 4.17 6.04 3.31 40.35 29.49 bdl 4.30 4.94 3.31 63.05 77.48 85.47 101.49
La 253.30 230.88 313.02 394.55 1702.84 1594.94 30.24 7093.95 691.04 1542.21 992.13 789.78 46244.83 10596.44
Ce 281.84 272.23 362.73 504.16 3019.49 2713.20 34.21 6690.26 870.85 2923.57 2501.93 2730.90 43710.42 22926.50
Pr 31.59 30.80 38.75 54.67 285.99 268.61 3.77 657.97 96.54 335.12 357.31 326.62 3603.11 1875.27
Nd 127.37 130.50 157.96 228.33 954.64 890.96 14.53 2374.62 352.24 1318.90 1670.14 1378.77 12694.84 7907.69
Sm 34.62 27.98 34.53 44.26 103.31 92.74 2.08 293.76 65.05 243.98 281.70 200.68 1446.97 978.29
Eu 9.32 8.69 12.70 15.04 21.44 22.50 0.32 65.70 21.43 53.99 58.57 60.91 269.55 193.09
Gd 42.21 36.20 50.45 54.35 71.64 69.36 2.63 159.24 69.28 216.98 171.57 150.37 869.55 806.58
Tb 5.62 4.43 6.16 6.84 6.09 5.62 0.36 12.97 6.81 19.10 19.14 13.94 95.10 80.95
Dy 31.90 22.96 36.16 33.27 27.15 25.04 1.42 49.16 31.24 91.59 79.45 54.66 452.28 475.81
Ho 5.81 4.09 5.62 6.20 3.14 3.88 0.28 5.76 5.36 13.88 10.29 6.36 77.56 74.66
Er 11.20 10.43 14.82 12.57 8.36 7.11 0.87 10.30 10.89 27.12 26.67 16.24 223.53 223.22
Tm 1.62 0.97 1.68 1.48 0.50 0.58 0.21 0.93 1.14 2.22 1.26 1.17 18.88 31.67
Yb 7.28 4.08 8.29 7.38 3.28 2.74 bdl 3.99 4.61 10.67 8.46 4.86 102.80 146.40
Lu 0.69 0.67 0.98 1.01 0.79 0.35 bdl 0.53 0.79 1.12 0.69 0.78 12.08 10.06
Hf 0.59 0.36 0.26 bdl 0.14 bdl bdl bdl 0.20 bdl bdl 0.82 bdl bdl
Ta bdl bdl 0.05 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
W bdl bdl 0.43 0.33 bdl bdl 1.50 bdl bdl bdl bdl bdl bdl bdl
Pb 5.57 3.63 5.11 6.05 3.48 2.20 bdl 8.27 2.93 4.23 0.87 0.88 49.30 16.83
Bi bdl bdl 0.10 0.08 0.12 bdl bdl bdl bdl bdl bdl bdl 2.74 1.80
Th 0.67 0.68 0.77 1.18 80.88 53.83 0.75 183.45 7.31 88.52 4.05 7.90 1664.24 489.01
U 0.74 0.40 0.98 0.71 5.79 4.81 0.26 35.83 2.78 15.57 bdl bdl 94.93 82.96

















147,733 ppm. The average total REE concentration of all analyzed apatite crystals in IH10-286 is 
nearly 10 wt. percent. The apatites display coarse-marbled to blebby CL signatures that are not 
as intricate or fine-scale as the complex signatures of the apatite within the altered 
uncompahgrite or the carbonatite stock. 
The high field strength elements Nb, Ta, Zr and Hf show prominent negative anomalies 
in the PM-normalized trace element diagrams of apatite from all lithologies. These elements are 
either depleted relative to primitive mantle, or enriched by factors less than 10.  Thorium and 
uranium are enriched in apatite from all lithologies one to 4.5 (in the fenite) orders of magnitude 
relative to primitive mantle values. The large iron lithophile elements Rb and Ba are severely 
depleted in apatite from all lithologies relative to primitive mantle, except in the carbonatite 
where these elements still show prominent negative anomalies. Apatites from every lithology 
also show prominent negative Pb anomalies on PM-normalized trace element diagrams. 
 
2.5 Discussion 
The results of this study have shown that early magmatic pyroxene crystals and apatite 
crystals within the major lithological units present at Iron Hill record meaningful chemical trends 
that provide insight into the genesis of the complex as a whole. These chemical trends, as well as 
the distribution and speciation of late REE-bearing mineral phases, and the genetic relationship 
between the carbonatite and the surrounding alkalic igneous rocks are discussed in the following 
section. 
 
2.5.1 Chemical evolution trends observed in pyroxene and apatite 
Pyroxene is one of the first minerals to crystallize in every major lithology at the Iron Hill 
carbonatite complex. If pyroxene is not first to crystallize, it occurs very early in the 
crystallization sequence (Fig. 2.5). This makes pyroxene appropriate for recording parental melt 
evolution. Chemical changes in early pyroxene should reflect bulk chemical changes within an 
evolving magma body if the rock units at the Iron Hill carbonatite complex formed from a single 
batch of magma that was not significantly contaminated during the crystallization of the rock 
units.  
The major element chemistry of early magmatic pyroxene reveals a continuous chemical 






visible in decreasing Ca/Na, and Mg/Fe ratios (Fig. 2.14), as well as a continuous trend in end-
member composition from Di69-98Hed2-19Aeg0-5 in the uncompahgrite, to Di59-74Hed7-20Aeg3-8 in 
the ijolite, to Di17-25Hed27-40Aeg33-40 in the nepheline syenite, to Di0-1Hed0-5Aeg77-89 in the 
carbonatite stock (Fig. 2.13). XFe (Table 2.3) changes from 0.01-0.33 in the uncompahgrite, to 
0.27-0.37 in the ijolite, to 0.72-0.81 in the nepheline syenite, to 0.95-0.99 in the carbonatite 
stock. The subunits of the pyroxenite follow the same compositional trend, but on their own. The 
chemistry of early pyroxenes within each pyroxenite subunit does not reflect field observations 
that the pyroxenite is the oldest unit, followed by the uncompahgrite, ijolite, nepheline syenite, 
and carbonatite. Each subunit identified petrographically contains pyroxene and apatite with 
distinct chemical compositions. Major element analysis by electron microprobe reveals that 
pyroxene in the coarse biotite and magnetite-rich pyroxenite and the perovskite and apatite-rich 
pyroxenite are much more diopsidic in composition compared to pyroxenes in the melanite 
garnet-rich pyroxenite, which fall within the augite spectrum. Pyroxenes and apatites within the 
melanite garnet-rich pyroxenite are also more enriched in the light REEs compared to the other 
two subunits, as shown in Figs. 2.15 and 2.18, respectively. Late aegirine overgrowths within the 
biotite and magnetite-rich pyroxenite subunit have distinct major and trace element chemistry as 
well, with compositions most similar to the aegirine in the carbonatite stock (Tables 2.3 and 2.4, 
Figs. 2.13 and 2.15). These late aegirine overgrowths are interpreted to be late hydrothermal 
mineral phases. Van Gosen (2009) suggested that the physical layering observed within the 
pyroxenite at the outcrop scale is the result of multiple pulses of magma contributing to the 
formation of this unit.  Weak flow banding and recrystallization textures were also observed in 
thin section (samples 1b-77.0 and 1b-582.5). In addition, pegmatitic zones have been observed 
within the pyroxenite. Ten centimeter biotite crystals were observed in weathered outcrop, and 
Temple and Grogan (1965) documented 2 m pyroxene crystals within the pyroxenite. These 
chemical and physical observations suggest that the pyroxenite unit may have gone through its 
own magmatic differentiation separate from the rest of the units at the complex. 
Based on the continuous trend observed in pyroxene end-member composition (from 
diopside, to augite, to aegirine-augite, to aegirine), the succession of uncompahgrite, ijolite, 
nepheline syenite and carbonatite is consistent with a model of fractional crystallization from a 








Fig. 2.16. Cathodoluminescence (CL) images of apatite crystals from various lithologies at the 
Iron Hill carbonatite complex showing the variations of CL response from simple (A) to 
complexly-zoned (H). The bright CL responses along fracture planes in (A) and around crystal 











Fig. 2.17. (A) Cathodoluminescence image of a typical apatite crystal in uncompahgrite sample 
06-IH06. 85 µm laser ablation spots are labeled 1-4. (B) Cathodoluminescence image of an 
apatite crystal in uncompahgrite sample 01B-IH06. 40 µm laser ablation spots are labeled 1-6. 
(C) Plot of REE patterns from laser ablation analysis of apatite crystals from uncompahgrite 
samples 06-IH06 and 01B-IH06. REE patterns are normalized to primitive mantle values from 
Palme and O’Neill (2004). REE concentrations appear to correlate well with CL response within 









Fig. 2.18. Primitive mantle normalized REE and trace element compositions for apatite crystals; 
(A) pyroxenite subunits and aegirine overgrowths within the coarse biotite and magnetite-rich 
pyroxenite; (B) uncompahgrite and ijolite; (C) fenite, and carbonatite stock. The width of the 
band plot represents the range of all analyses for each sample.  
 
Data from major element analysis of pyroxenes from pyroxenite, uncompahgrite, ijolite, and 
nepheline syenite samples by Nash (1972) falls along the inferred fractional crystallization trend 
line shown in Fig. 2.13 and nicely compliments the data from this study. However, there is a 
large gap along this trend between the nepheline syenite and the carbonatite stock. It is also 
apparent that although the pyroxenite subunits follow the same trend, they do so independent of 
the other lithologies in the complex. The Ca/Na ratio (Fig. 2.14A) of early diopside within both 
uncompahgrite samples is fairly consistent, even though sample 01B-IH06 is hydrothermally-









parasite-synchysite, aegirine, richterite, and nepheline after mellilite), subhedral to anhedral 
garnet and diopside crystals, and apatite with complex cathodoluminescence properties. 
 As seen in Figs. 2.15 and 2.18, incompatible elements do not show a continued 
enrichment over time, as would be expected if all of the rock units at the IHCC crystallized from 
a single batch of magma solely by fractional crystallization. Trace element systematics of apatite 
and pyroxene show large variations between samples of the same lithology, and many lithologies 
overlap with each other. The melanite garnet and apatite-rich subunit of the pyroxenite is easily 
distinguishable in the trace element chemistry of both apatite and pyroxene. Both apatites and 
pyroxenes within this subunit are enriched in light REEs and depleted in the heavy REEs 
compared to the other subunits. As heavy REEs preferentially partition into garnets over 
pyroxene and apatite (Shimizu and Kushiro, 1975; Johnson, 1998), this is not surprising. The 
trace element composition of pyroxene and apatite within altered uncompahgrite is highly 
variable and distinct from unaltered uncompahgrite (Figs. 2.15 and 2.18). The two samples of 
ijolite also contain pyroxene and apatite that have trace element compositions that are distinct 
between the samples. Pyroxene within the nepheline syenite and fenite have unique PM-
normalized REE patterns that are distinct from the other silicate units, showing a dramatic 
depletion in the middle REEs. Hydrothermal apatites within the fenite show the highest level of 
enrichment in total REEs. 
 
2.5.2 Distribution of REE-bearing minerals 
Every major lithology present at the Iron Hill carbonatite complex is enriched in REEs 
(Van Gosen, 2008); however, the distribution of REE-bearing minerals within the rock units at 
the complex was previously poorly understood. Based on the results of standard petrography and 
automated mineralogy, as well as SEM point analyses, parisite and synchysite were found to be 
the most prevalent secondary hydrothermal REE-bearing mineral phases, followed by ancylite, 
monazite/rhabdophane, and bastnaesite. REE-bearing apatite also contributes to the overall REE 
budget of the rocks at Iron Hill (Table 2.6). It is important to note that although apatite analyzed 
in the pyroxenite, uncompahgrite, ijolite, and carbonatite are primary magmatic mineral phases, 








Table 2.6. REE contribution to each lithology from apatite 
 
  
REE-bearing minerals that are devoid of calcium have only been identified within the 
carbonatite stock. These include ancylite, monazite/rhabdophane, and bastnaesite. 
Monazite/rhabdophane was only identified within fine-grained samples of the carbonatite stock. 
Parasite and/or synchysite were identified within every lithology except the ijolite. The near 
pristine condition of apatite crystals in the studied ijolite samples may be partially responsible for 
the lack of REE-bearing minerals observed within the ijolite. Whole rock analysis indicates that 
the ijolite is enriched in REEs (Van Gosen, 2008). The average total REE concentration of the 
ijolite from whole rock data is 764 ppm, whereas the average total REE concentration of the 
ijolite from apatite alone is only 243 ppm (Table 2.6). Based on this, it is reasonable to conclude 
that the REE-fluorocarbonates commonly observed in the other lithologies at Iron Hill account 
for some of the REE endowment of the ijolite unit, in addition to the REE-content of the apatite 
crystals. Every apatite crystal analyzed within the ijolite unit exhibits a relatively simple CL 
response. An example is shown in Fig. 2.16B. Uncompahgrite sample 01B-IH06 contains altered 
apatite crystals with complex CL responses and parisite or synchysite, whereas uncompahgrite 
sample 06-IH06 contains relatively pristine apatite crystals and no secondary REE-bearing 
minerals. This suggests local remobilization of REEs from apatite on the unit scale. 
As seen in Fig. 2.8, parisite and/or synchysite displays secondary textures such as apatite 
replacement or precipitation along late vein margins. Monazite/rhabdophane commonly forms 
clotty masses (Fig. 2.8D) and is interpreted to be a secondary mineral phase as well. Bastnaesite, 
monazite/rhabdophane, parisite, and synchysite commonly occur as a mix of mineral phases 





Ave total REE (ppm) 
of apatite from                     
LA-ICP-MS
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REE (ppm) by 
unit
Wt% total REE in  
sample from 
whole rock data
Wt% total REE in 
sample from 
apatite
ppm total REE 
in sample from 
apatite
% total REE 
contribution 
from apatite
1b-67.5 Bt-Mag-rich pyrox 8.4 - - - 1303 0.13 - -
1b-77.0 Bt-Mag-rich pyrox 9.5 863 0.09 - 1303 0.13 0.01 82 6.3
1b-582.5 Prv-Ap-rich pyrox 8.2 1155 0.12 - 1303 0.13 0.01 95 7.3
10A-IH06 Gt-rich pyrox 4.6 6005 0.60 1004 1303 0.10 0.03 274 27.3
01B-IH06 Uncompahgrite 1.8 1226 0.12 487 6952 0.05 0.00 22 4.6
06-IH06 Uncompahgrite 7.9 18432 1.84 2975 6952 0.30 0.15 1462 49.1
15-IH06 Ijolite 5.5 2124 0.21 534 764 0.05 0.01 117 21.9
478 Ijolite 5.1 7250 0.73 - 764 0.08 0.04 370 48.4
497 Nepheline Syenite 0.0 - - - - - - -
2-58.0 Carbonatite 0.1 - - - 3555 0.36 - -
35-IH06 Carbonatite 1.0 5669 0.57 1098 3555 0.11 0.01 55 5.0
38-IH06 Carbonatite 7.0 - - 1509 3555 0.15 - -
491 Carb dike 0.1 - - - 2826 0.28 - -
03B-IH06 Carb dike 1.2 - - 574 2826 0.06 - -







the carbonatite stock. Ancylite dominantly occurs on its own within zones consisting only of 
ankeritic dolomite. Many subhedral ancylite crystals appear enclosed by large dolomite crystals 
within the carbonatite stock, distal to dolomite grain boundaries. Ancylite is also occasionally 
rimmed by later anhedral parisite or synchysite.  
Work by Le Bas (1987), Smith and Henderson (2000) and Fan et al. (2005) suggests that 
secondary enrichment in carbonatite-hosted REE deposits is often a result of remobilization of 
Nb and REEs by hydrothermal or carbothermal fluids enriched in CO2 and fluorine.  Such a 
fluid, rich in REEs, CO2, and fluorine only requires free calcium in order to precipitate the 
fluorocarbonates observed at Iron Hill. At the Tundulu complex in Malawi, hydrothermal fluids 
reacted with the wall rocks, which released variable amounts of Ca
2+
 and CO2. The REEs in the 
hydrothermal fluid reacted with the liberated Ca
2+
 and CO2 to form parisite, synchysite, and 
bastnaesite in various amounts throughout the complex (Ngwenya, 1994). Ngwenya (1994) 
suggested that the distribution of bastnaesite, parisite, and synchysite in carbonatites is controlled 
by the amount of Ca and CO2 in the fluids from which the fluorocarbonates precipitate. The 
crystallization sequence of REE-bearing fluorocarbonates within calcite carbonatites at the 
Tundulu complex is synchysite, parisite, then bastnaesite, showing a clear decrease in the 
availability of Ca and CO2 in the fluid from which this series of minerals precipitated. The 
predominance of bastnaesite in veins hosted by ankerite carbonatites at Tundulu suggests 
insufficient Ca and CO2 in the fluids for parisite and synchysite to precipitate. The predominance 
of parisite and synchysite over bastnaesite at the Iron Hill carbonatite complex suggests a 
potential surplus of Ca and CO2 within the fenitizing fluid, perhaps from interaction with 
minerals like ankeritic dolomite, apatite, and perovskite.  
The distribution of the REE-bearing mineral phases at the Iron Hill carbonatite complex 
is ultimately dependent on the preferential flow paths taken by the fenitizing fluid and the 
availability of Ca, Sr, and CO2 encountered during the complex-wide circulation of this REE-
enriched fluid. Additional REE input to the fluid from the alteration of preexisting magmatic 
apatite is also favorable. The carbonatite stock, being primarily composed of ankeritic dolomite 
[Ca(Fe,Mg)(CO3)2 – CaMg(CO3)2], represents a high quality chemical trap for REEs as 
Ca(REE)-fluorocarbonates due to its high availability of calcium carbonate. The carbonatite 
shows variable weathering patterns in outcrop, possibly due to varying intensity of alteration 






where perovskite has been altered to leucoxene. The alteration of perovskite to leucoxene 
liberates calcium (Fig. 2.19), making it available for incorporation into REE-bearing 
fluorocarbonates.  
Perovskite: CaTiO3TiO2+CaO 
CaO+REE-CO2+REE-F Synchysite: Ca(Ce,La)CO3F 
The nepheline syenite appears to be a poor trap for REEs. The nepheline syenite is dominantly 
composed of perthitic microcline and nepheline, neither of which are reactive minerals that 
would liberate Ca
2+
 and/or CO2 during interaction with the fenitizing fluid to form the Ca(REE)-
fluorocarbonate found throughout the rest of the complex. The nepheline syenite also contains 
almost no detectable apatite, a potential source of Ca
2+
 and/or REEs found in abundance within 
other lithologies at the complex. These two factors make the nepheline syenite the least favorable 
chemical trap for REEs at the complex, as reflected by having the lowest whole rock REE-
concentration of all lithologies (Fig. 2.20).  
 
2.5.3 Constraining the source of the Iron Hill melt(s) 
The compilation of representative primitive mantle composition data from Palme and 
O’Neill (2004) were used to normalize REE data in this study because the estimated elemental 
values are not dependent on MgO correlations, have small uncertainties, and seem the most 
representative across all elements when compared to other authors’ estimations. The biotite and 
magnetite-rich pyroxenite and the perovskite and apatite-rich pyroxenite are interpreted to be the 
most primitive lithologies observed at the Iron Hill carbonatite complex. Early magmatic 
pyroxene from these subunits display nearly flat primitive mantle-normalized rare earth element 
patterns (Fig. 2.15). This is a strong indication that the parental melt, at least of the pyroxenite, 
was derived from partial melting of a primitive mantle source. Many other carbonatite complexes 
also exhibit evidence of partial melting of a mantle source. Cullers and Medaris (1977) proposed 
that the ijolite and carbonatite found at the Seabrook Lake deposit in Ontario, Canada are 
comagmatic, originating from a small degree of partial melting of the upper mantle. The 
Seabrook Lake carbonatite complex appears to be a close analogue to the IHCC. Both complexes 
contain similar lithologies and show similar spatial and temporal relationships between the 













Fig. 2.19. Calcium map of hydrothermally altered coarse biotite and magnetite-rich pyroxenite. 









Fig. 2.20. Plot of average whole rock REE patterns of the major lithologies found at the Iron Hill 
carbonatite complex. Whole rock REE concentration data from the geochemical analysis of 57 
samples collected by Van Gosen (2008) were grouped by lithology, averaged, and normalized to 
primitive mantle values of Palme and O’Neill (2004).  
 
The PM-normalized REE patterns of whole rock data from Van Gosen (2008) and from 
apatite crystals analyzed in this study are consistent with those from whole rock analysis of 
carbonatites from other localities such as Kaiserstuhl in Germany, Grønnedal-Ika in Greenland, 
Mudtank and Mt. Weld in Australia, Seabrook Lake in Ontario, Canada and Jacupiranga in 
Brazil (Cullers and Medaris, 1977; Nelson et al., 1988; Lottermoser, 1990; Currie et al., 1992; 
Huang et al., 1995; Halama et al., 2005; Verwoerd, 2008, and Jones et al., 2013). Jones et al. 
(2013) noted that this common whole rock REE pattern (light REE-enriched when compared to 
primitive mantle with little to no europium anomaly) is consistent with a mantle origin. Sr-Nd 
isotopic signatures from pyroxenite, mixed rock, and carbonatite residue samples from Premo 
and Lowers (2013) have been interpreted to indicate a basement rock-contaminated mantle 





 = 0.7026 to 0.7038 and epsilon Nd = +1.4 to +3.1. These values are 
indicative of a slightly contaminated mantle source at ~ 600 Ma that is enriched relative to 






When normalized to values typical of the EM-II or HIMU reservoirs, the REE patterns of 
the early pyroxenes display patterns that are relatively enriched in the heavy REEs. When 
normalized to values typical of a depleted mantle sources, the REE patterns appear relatively 
enriched in the light rare earth elements. A primitive mantle source appears to be the best fit for 
the most primitive minerals in the most primitive rock units found at Iron Hill.  
 
2.5.4 Genetic relationship between carbonatite and silicate units 
Our understanding of the genetic relationship between the carbonatite stock and the alkalic 
intrusive units at the Iron Hill carbonatite complex has evolved substantially since it was first 
studied in 1912. The inclusion of Precambrian marble into the surrounding alkalic rocks (Larsen, 
1942), metamorphism of a pyroxenite (Temple and Grogan, 1965), fractionation of a carbonated 
mafic melt followed by immiscibility of a carbonate fluid (Nash, 1972) and partial melting of 
peridotites in the upper mantle (Van Gosen, 2009) have all been proposed as theories relating to 
the genesis of the carbonatite complex. The experimental work by Wyllie and Tuttle (1960) 
showing that calcite could have a liquidus temperature down to roughly 650°C at 1,000 bars, and 
the discovery of the erupting natrocarbonatite lava at Oldoinyo Lengai in Tanzania in the late 
1950’s, put to rest theories requiring marble or intense metamorphism in the genesis of the 
carbonatites. The three most prominent theories today for the formation of carbonatite complexes 
like Iron Hill are (i) partial melting, (ii) fractional crystallization, and (ii) liquid-liquid 
immiscibility. Each of these theories has compelling arguments for and against them, and 
evidence for all three processes is observed at the Iron Hill carbonatite complex. 
(i) As discussed in the previous section, a primitive mantle source appears to be the 
best fit for the melt or melts that produced the most primitive lithologies at the 
IHCC. A partial melting model provides a mechanism for generating such a melt. 
While single-stage partial melting of primitive mantle material can produce 
carbonatite melts if generated at depths greater than 70km (Wyllie and Huang, 
1975; Wyllie and Lee, 1998; Brey et al., 2008), the parent melt to the alkalic 
intrusive rocks at Iron Hill was likely not the result of simple single-stage partial 
melting of CO2-bearing peridotites as experiments involving single-stage partial 
melting of carbonated peridotites do not appear to produce both carbonatite and 






likely option only for carbonatites that do not occur in close proximity to alkalic 
intrusive rocks. Brey et al., 2008 showed that melts generated from magnesite-
free peridotite source rocks are likely to result in silicocarbonatites (carbonatites 
with >20% SiO2). Partial melting of magnesite-rich garnet lherzolite source rocks 
likely produce carbonate melts that form calciocarbonatites (carbonatites with 
calcite as the dominant carbonate species) (Brey et al., 2008). These carbonate 
melt compositions are in contrast to the ankeritic dolomite carbonatite at Iron Hill.  
(ii) Fractional crystallization appears to have played a role in the evolution of the Iron 
Hill carbonatite complex based on the continuous trend in major element and end-
member chemistry observed in early pyroxene crystals within the uncompahgrite, 
ijolite, nepheline syenite, and carbonatite (from diopside, to augite, to aegirine-
augite, to aegirine). As discussed previously, early magmatic pyroxenes within 
the pyroxenite subunits follow this same trend in pyroxene end-member 
composition independent from the rest of the units at the complex. The pyroxenite 
may have undergone its own magmatic differentiation early in the genesis of the 
complex that resulted in the formation of distinct subunits of pyroxenite. There is 
also a large gap along the trend between the nepheline syenite and carbonatite 
units. In a closed system, fractional crystallization from a single batch of magma 
should also result in a continued enrichment of incompatible elements in the 
magma over time, resulting in increased concentrations of the incompatible 
elements in paragenetically early minerals from the oldest to youngest 
crystallizing rock units. Although the incompatible elements within early 
magmatic pyroxene from the uncompahgrite and ijolite are generally more 
enriched than those from the pyroxenite subunits, the primitive mantle-normalized 
REE patterns of all lithologies do not reflect the continued enrichment of 
incompatible elements over time that would be expected if the entire complex 
evolved from a single batch of magma solely due to fractional crystallization.  
(iii) Liquid-liquid immiscibility with regards to a carbonatite system involves cooling 
of a homogeneous magma body until a solvus is reached, at which point a 
carbonate-rich magma and an alkaline silicate magma are produced. A process of 






composition between the carbonatite stock and the nepheline syenite at the IHCC. 
It also explains the presence of partially resorbed, anhedral carbonate crystals 
within the nepheline syenite unit. Numerous 50-200µm blebs of carbonate appear 
to have been trapped as melt inclusions during the crystallization of the nepheline 
syenite. These carbonate blebs (Fig. 2.21A-D) are dominantly calcitic in 
composition, many are entirely enclosed by perthitic microcline crystals, and most 
show evidence of resorption by the enclosing microcline. It is important to note 
that these melt inclusions were not observed in any other lithology at the IHCC. 
In order to generate such inclusions, a carbonate melt must have been present 
during the crystallization of the nepheline syenite. Liquid-liquid immiscibility 
alone cannot explain the genesis of the older pyroxenite, uncompahgrite, and 
ijolite units that are clearly spatially and temporally related to the nepheline 
syenite and carbonatite. 
Based on petrographic and field observations, as well as major, minor, and trace element 
systematics, the following sequence is proposed for the formation of the Iron Hill carbonatite 
complex: (i) partial melting of a primitive mantle source yielding a mafic melt parent to the 
pyroxenite as suggested by the nearly flat PM-normalized REE patterns of early magmatic 
pyroxenes within the most primitive subunits of the pyroxenite (ii) fractional crystallization of 
that melt through ijolite formation (iii) immiscibility of carbonate and silicate melt, resulting in 
the carbonatite and nepheline syenite units. During ijolite crystallization, the melt is interpreted 
to have reached CO2 saturation, segregating into a carbonate melt and a silicate melt. The silicate 
melt is interpreted to have crystallized into the nepheline syenite, while the carbonate melt is 
interpreted to have crystallized into the carbonatite stock at Iron Hill. Cullers and Medaris (1977) 
propose a similar genetic process at the Seabrook Lake complex in Ontario, Canada. A small 
degree of partial melting in the upper mantle yielded a primary, basic magma, which underwent 
fractional crystallization to produce a residual parent melt to an ijolite. The carbonatite at 
Seabrook Lake is interpreted to represent an immiscible carbonate melt that separated from the 
parent ijolite melt. The REE distribution coefficients between carbonate ocelli in associated 










Fig. 2.21. Photomicrographs of carbonate blebs within nepheline syenite sample 497. All images 
taken in transmitted light (PP); (A) anhedral calcite crystal poikiliticly enclosed by single 
euhedral microcline crystal. Calcite crystal shows evidence of resorption by surrounding 
microcline; (B) rounded calcite crystal occurring along boundary between perthitic microcline 
crystals; (C) ratty calcite occurring along boundary between perthitic microcline crystals; (D) 
subhedral calcite crystal occurring on boundary between perthitic microcline crystals. Microcline 
crystals contain small carbonate inclusions proximal to boundaries with larger calcite crystal.  
 
The carbonate ocelli at Callendar Bay are interpreted by Ferguson and Currie (1971) to have 
resulted from liquid-liquid immiscibility in an ultrabasic alkaline magma. 
Immiscibility of a carbonate melt and a silicate melt is also inferred by a striking change 
in the REE patterns of early magmatic pyroxene in lithologies that appear to have formed post-
ijolite. The REE profile shapes of early magmatic pyroxene within the nepheline syenite and 
fenite are nearly identical, and they are much different from those found in the pyroxenite, 






syenite and fenite show a dramatic depletion in the middle REEs when compared to the earlier 
lithologies. Although variable in concentration, the REE patterns of early pyroxene within the 
carbonatite stock roughly display the same shape as the pyroxene in the nepheline syenite and 
fenite. Clinopyroxene from the xenolithic porphyritic syenite at the Grønnedal-Ika carbonatite in 
Greenland display similar primitive mantle-normalized REE patterns to those observed in 
pyroxene from the nepheline syenite at the Iron Hill carbonatite complex (Fig. 2.15C) (Halama et 
al., 2005). Like the nepheline syenite at Iron Hill, the xenolithic syenite at Grønnedal-Ika is the 
youngest of the intrusive silicate rock units at the complex and is intruded by a calciocarbonatite 
plug (Halama et al., 2005). The xenolithic syenite at Grønnedal-Ika (Halama et al., 2005) and the 
nepheline syenite at Iron Hill contain pyroxenes that are relatively depleted in the middle REEs, 
resulting in a trough between Nd and Tm in their PM-normalized REE patterns. Field and 





ratios, a low degree of crustal contamination, elevated Zr/Hf ratios and lower Y/Ho ratios in the 
rims of aegirine-augite crystals within the xenolithic syenite, steeper normalized REE patterns of 
calcite within the carbonatite, and a lack of rock units intermediate between the xenolithic 
porphyritic syenite and the carbonatite support a theory that the carbonatites and associated 
syenites at the Grønnedal-Ika complex are related via liquid-liquid immiscibility (Halama et al., 
2005). Halama et al. (2005) also suggest that the xenolithic porphyrytic syenite represents the 
silicate melt resulting from this process. 
Preferential transport of REEs by molecular CO2 complexes in the melt during 
immiscible separation between coexisting silicate and carbonate melt should result in an 
increased La/Lu ratio in minerals in the carbonatite relative to the silicate melt (Cullers and 
Medaris, 1977; Jones et al., 2013). The whole rock La:Lu ratio of the nepheline syenite sample 
analyzed by Van Gosen (2008) is 279:1 (Table 2.7). This is much lower than the La/Lu ratios of 
carbonatite stock and carbonatite dike samples analyzed in the study. Carbonatite stock samples 
have whole rock La:Lu ratios between 637:1 and 77,600:1. The La:Lu ratios for carbonatite 
dikes samples range from 622:1 to 2,139:1. Similar results are observed in the results of LA-ICP-
MS analysis of early magmatic pyroxenes from the nepheline syenite and carbonatite samples. 
The La:Lu ratios of pyroxene within nepheline syenite sample 497 ranges from 2:1 to 6:1 (Table 
2.7). The La:Lu ratios of pyroxene with detectable Lu within carbonatite stock sample 2-58.0 






Table 2.7. La:Lu ratios from whole rock and early magmatic pyroxene analyses 
 
 
Both whole rock and early mineral La:Lu ratios are increased in the carbonatite stock relative to 
the nepheline syenite. This is further geochemical evidence that a process of liquid-liquid 
immiscibility occurred post ijolite formation, and that the nepheline syenite and carbonatite 
could be the crystallization products of immiscible silicate and carbonate melts, respectively. 
Based on the trace element signatures of pyroxene and apatite within the nepheline 
syenite and fenite, as well as the distribution of late hydrothermal REE-bearing minerals across 
the complex, the magmatic-hydrothermal fluid responsible for the remobilization of REEs at the 
Iron Hill carbonatite complex is interpreted to be the fenitizing fluid. Critical components of the 
fenitizing fluid were likely the hydrothermal fluids released from crystallization of the nepheline 
syenite (silicate melt) and carbonatite (carbonate melt). REEs would likely have preferentially 
partitioned into the silicate melt during separation of a carbonate melt, as has been shown 
experimentally by Wyllie and Tuttle (1960). During crystallization of the nepheline syenite, the 
REEs would preferentially partition into the resultant hydrothermal fluid rather than into 
crystallizing mineral phases as REEs are incompatible elements. 
Sample Rock type
La                             
(ppm)
Lu           
(ppm)
La/Lu Analysis Rock type
La                             
(ppm)
Lu           
(ppm)
La/Lu
Average Pyroxenite 279 0.37 1050 Average Pyroxenite 3.35 0.11 33
Average Uncompahgrite 310 0.59 617 Average Uncompahgrite 8.88 0.12 79
Average Ijolite 165 0.75 471 Average Ijolite 9.07 0.36 26
12-IH06 Nepheline Syenite 19.5 0.07 279 497-A-46 Nepheline Syenite 6.23 2.31 3
30-IH06 Carbonatite Stock 310 0.24 1292 497-A-47 Nepheline Syenite 5.59 2.90 2
31-IH06 Carbonatite Stock 7760 0.1 77600 497-B-48 Nepheline Syenite 12.66 2.52 5
33-IH06 Carbonatite Stock 512 0.11 4655 497-B-49 Nepheline Syenite 10.36 1.75 6
34A-IHO6 Carbonatite Stock 1160 0.09 12889 497-B-50 Nepheline Syenite 9.93 1.89 5
34B-IH06 Carbonatite Stock 1680 0.15 11200 497-B-51 Nepheline Syenite 9.51 1.82 5
35-IH06 Carbonatite Stock 183 0.21 871 497-C-52 Nepheline Syenite 7.86 1.57 5
36-IH06 Carbonatite Stock 1750 0.09 19444 497-C-53 Nepheline Syenite 7.33 1.97 4
37-IH06 Carbonatite Stock 329 0.29 1134 Average Nepheline Syenite 8.68 2.09 4
38-IH06 Carbonatite Stock 287 0.17 1688 2-58-D-37 Carbonatite Stock 3.54 0.16 22
40-IH06 Carbonatite Stock 172 0.27 637 2-58-D-38 Carbonatite Stock 2.73 0.22 12
41-IH06 Carbonatite Stock 1550 0.26 5962 2-58-D-39 Carbonatite Stock 2.80 0.20 14
45-IH06 Carbonatite Stock 195 0.08 2438 2-58-D-40 Carbonatite Stock 2.24 0.17 13
49-IH06 Carbonatite Stock 344 0.52 662 2-58-D-42 Carbonatite Stock 0.62 0.16 4
Average Carbonatite Stock 1249 0.20 10805 Average Carbonatite Stock 2.39 0.18 13
02B-IH06 Carbonatite Dike 935 0.9 1039 Average Fenite 26.00 1.59 20
03B-IH06 Carbonatite Dike 119 0.21 567
23A-IH06 Carbonatite Dike 500 0.79 633
44C-IH06 Carbonatite Dike 972 0.56 1736
46-IH06 Carbonatite Dike 806 0.68 1185
47-IH06 Carbonatite Dike 404 0.65 622
50B-IH06 Carbonatite Dike 941 0.44 2139
Average Carbonatite Dike 668 0.60 1131






As a result of the preferential partitioning of REEs during fractional crystallization and 
liquid-liquid immiscibility that controlled the evolution of the complex, REEs were ultimately 
concentrated in the hydrothermal fluid released during the crystallization of the nepheline 
syenite. Given the scale of the fenitization present at the Iron Hill carbonatite complex, it seems 
unlikely that the hydrothermal fluid produced from the crystallization of the nepheline syenite is 
solely responsible for the observed fenitization. This fluid is, however, interpreted to be a critical 
component of the fluid responsible for fenitizing the Proterozoic host rock, altering the 
composition of apatites, and distributing REEs throughout the complex.  
 
2.6 Summary and conclusions 
Investigation into the genesis of the IHCC has yielded the following results: 
 The nearly flat primitive mantle-normalized REE patterns of early magmatic pyroxene 
within the coarse biotite and magnetite-rich pyroxenite and the perovskite and apatite-
rich pyroxenite suggests that the parent magma to the earliest igneous rocks at the Iron 
Hill carbonatite complex may have originated from a primitive mantle source. 
 Based on the continuous trends observed in the major element chemistry of pyroxene, 
fractional crystallization was likely the major control on the genesis of the IHCC through 
the crystallization of the ijolite. 
 During ijolite crystallization, the crystallizing melt is interpreted to have reached CO2 
saturation and segregated into a carbonate melt and a silicate melt. The presence of 
carbonate melt inclusions, along with a lack of rock units with compositions intermediate 
between the nepheline syenite and the carbonatite, suggest a process of liquid-liquid 
immiscibility at this time in the complex’s genesis. The carbonate melt is interpreted to 
have intruded the earlier units and crystallized into the carbonatite stock that forms Iron 
Hill. The nepheline syenite is interpreted to be the crystallization product of the silicate 
melt. 
 The similar and distinct REE patterns of the nepheline syenite and fenite suggest a 
genetic link. If the nepheline syenite represents the crystallization product of the silicate 
melt, incorporation of the REE-rich hydrothermal fluid released during its crystallization 






for the observed fenitization, alteration of apatite and perovskite, and redistribution of 
REEs throughout the complex.  
 Six species of REE-bearing minerals have been identified across the complex. They 
include both magmatic and hydrothermal apatite, as well as hydrothermal parisite, 
synchysite, bastnaesite, rhabdophane, and ancylite. Parisite, synchysite, bastnaesite, 
rhabdophane, and ancylite appear to be exclusively secondary mineral phases, and the 
most commonly observed phases, parisite and synchysite, are dominantly found where 
calcium has been liberated from preexisting magmatic calcium-bearing minerals. 
 
Figure 2.22 illustrates the proposed model for the formation of the Iron Hill carbonatite 
complex, highlighting the general processes involved in the magmatic evolution of the complex 
and showing the preferential partitioning of REEs over time. The diagram is purely schematic 




















CONCLUSIONS AND OUTLOOK 
 
Although the processes that govern the genesis of carbonatites throughout the world 
remain somewhat enigmatic, the results of this research have shown that multiple processes 
likely contribute to the formation of carbonatite-bearing alkaline igneous complexes like Iron 
Hill. Evidence for partial melting of a primitive mantle source, fractional crystallization, and 
liquid-liquid immiscibility was observed in the rocks from Iron Hill. 
 
3.1 Conclusions 
The most primitive lithologies, the coarse biotite and magnetite-rich pyroxenite and the 
perovskite and apatite-rich pyroxenite, display the flattest rare-earth element (REE) distribution 
patterns when normalized to representative values of a primitive mantle source, suggesting that 
at least the pyroxenite may have originated from partial melting within a primitive mantle 
reservoir. The major element mineral chemistry of early magmatic pyroxene reveals a 
continuous chemical trend within the uncompahgrite, ijolite, nepheline syenite, and carbonatite 
units. This trend is visible in decreasing Ca/Na and Mg/Fe ratios, as well as a continuous trend in 
end-member composition. The pyroxenite unit does not fit this trend, implying that the major 
intrusive units, except for the pyroxenite, may have formed as a result of significant crystal 
fractionation. However, the trace element chemistry of early magmatic pyroxene within the 
pyroxenite, uncompahgrite, ijolite, nepheline syenite, and carbonatite does not follow a pattern of 
continuous enrichment of incompatible elements over time as would be expected if these rock 
units formed solely due to crystal fractionation. There is also a large gap between the end-
member compositions of pyroxene within the nepheline syenite and the carbonatite. What is 
evident from the trace element chemistry of early magmatic pyroxene is a dramatic change in the 
REE patterns post-ijolite crystallization. Pyroxene within the nepheline syenite and the fenite 
display strikingly similar primitive mantle-normalized REE patterns that are relatively enriched 
in the light and heavy rare earths. These patterns are distinct from those in the pyroxenite, 
uncompahgrite, and ijolite. Although variable, the REE profile of early magmatic pyroxene 
within the carbonatite closely resembles those of the nepheline syenite and the fenite.  The 






and the fluid involved with the fenitization of the Proterozoic country rock. During ijolite 
crystallization, the remaining melt is interpreted to have reached CO2 saturation and split into a 
carbonate melt and a silicate melt. The carbonate melt, buoyant and low viscosity, is interpreted 
to have ascended and crystallized into the rounded, plug-like, carbonatite stock that forms Iron 
Hill. The silicate melt is interpreted to have crystallized into the youngest silicate rock unit, the 
nepheline syenite. Evidence that a carbonate melt was present during the crystallization of the 
nepheline syenite is also preserved in the rocks at Iron Hill by the presence of partially-resorbed 
carbonate melt inclusions within crystals of perthitic microcline within the nepheline syenite. 
These carbonate melt inclusions were not observed within any other lithologies at the complex. It 
has been experimentally shown that during a process of liquid-liquid immiscibility, REEs 
preferentially partition into the silicate melt over the carbonate melt. This has long been a point 
of weakness with regards to a liquid-liquid immiscibility model for carbonatite genesis because 
carbonatites are commonly enriched in REEs, and many authors have suggested that the REE-
bearing minerals occur as primary mineral phases in their respective study areas. As the REE-
bearing minerals at Iron Hill appear to all be secondary hydrothermal phases, this point of 
contention is not an issue. The REEs were preferentially concentrated in the silicate melt that is 
interpreted to have crystallized into the nepheline syenite. However, since they are incompatible 
elements, REEs should preferentially partition into the hydrothermal fluid phase during the 
crystallization of the nepheline syenite, rather than into the crystallizing minerals that form the 
nepheline syenite. This hydrothermal fluid, rich in REEs, was likely incorporated into a larger 
magmatic-hydrothermal system that was responsible for the observed halo of fenitization at the 
complex, the alteration of primary minerals within earlier rock units, and the redistribution of 
REEs throughout the complex.  
Five species of secondary hydrothermal REE-bearing minerals have been identified: 
bastnaesite, parisite, synchysite, monazite/rhabdophane, and ancylite. Magmatic and 
hydrothermal apatites were also shown to contain appreciable REEs. Hydrothermal apatites 
within the fenite contain the highest total concentration of REEs. The trace element chemistry 
and cathodoluminescence signatures of primary magmatic apatite suggest that preexisting apatite 
likely added to the REE budget of the system, but could not have provided the majority of the 
total REEs measured in previous authors’ whole rock analyses. Based on petrographic 






precipitated within the pyroxenite, uncompahgrite, nepheline syenite, and carbonatite only where 
calcium was liberated from preexisting calcium-bearing minerals such as apatite, perovskite, and 
dolomite. The carbonatite stock appears to have been the best trap for Ca-REE-fluorocarbonates 
due to its high availability of calcium.  
 
3.2 Outlook and future work 
 This research provides evidence in support of a potential model for the magmatic 
evolution of the Iron Hill carbonatite complex and the distribution of REE-bearing minerals 
observed at the complex. It also raises a number of questions that will require additional research 
to answer. Going forward, Sr, Sm, and Nd isotopic work would provide additional clarity to the 
proposition that the earliest units of the complex could have originated from partial melting of a 
primitive mantle source by potentially defining a potential mantle reservoir. Additional research 
into how the pyroxenite and its subunits evolved should also be conducted as this unit appears to 
follow its own magmatic evolution that is separate from the rest of the units at the complex. A 
3D subsurface model of the complex constructed from logging of drill core would be useful in 
clarifying the spatial relationship between the nepheline syenite and carbonatite and may 
strengthen or discredit an argument that they were once coexisting immiscible melts. During 
liquid-liquid immiscibility, a more buoyant, less viscous carbonate melt should ascend before its 
silicate melt counterpart. Clarity on the crosscutting relationships between the nepheline syenite 
and carbonatite across a 3D profile would be useful.  
 Preliminary trace element data from carbonates within the carbonatite obtained by LA-
ICP-MS (Fig. 3.1) suggests that the ankeritic dolomite in the carbonatite may be enriched in the 
middle rare-earths relative to primitive mantle values. One inquiry raised during the 
interpretation of a genetic model for the magmatic evolution of the complex that includes liquid-
liquid immiscibility post-ijolite crystallization involves the sudden enrichment of the light and 
heavy REEs within pyroxene in the fenite and nepheline syenite. Early magmatic pyroxenes 
within most primitive subunits of the pyroxenite have nearly-flat primitive mantle-normalized 
REE patterns. Pyroxenes within the nepheline syenite and fenite display nearly identical patterns 
that are enriched in the light and heavy REEs, and these patterns are distinct from the earlier 






to warrant additional work to determine if the middle REEs in fact preferentially partitioned into 




Fig. 3.1. Plot of all REE distribution patterns from laser ablation analysis of dolomite crystals 
from carbonatite samples 2-58.0 and 35-IH06. Four distinct populations of data have been 
identified. REE patterns are normalized to primitive mantle values from Palme and O’Neill 
(2004).  
 
Figure 3.1 shows four distinct populations of data (1) high concentration LREE-enriched 
patterns, (2) nearly-flat REE patterns, (3) convex-upward patterns, and (4) LREE-enriched 
patterns. It is important to note that there is no distinction between data collected from 
carbonatite samples 2-58.0 and 35-IH06. The high concentration LREE-enriched patterns and the 
LREE-enriched patterns are very similar to those observed in the whole rock analysis by Van 
Gosen (2008), as well as in apatite crystals analyzed in this study. The analyzed carbonate 
samples contain abundant mineral and fluid inclusions, and the two LREE-enriched populations 
of data may represent analyses that were more highly-contaminated by the chemistry of the 
inclusions. As ankeritic dolomite is not expected to contain significant concentrations of REEs, it 
is reasonable to assume that even a small amount of inclusion contamination would skew an 
analysis towards the composition of the REE-bearing mineral or fluid inclusion. Conversely, the 
convex-upward patterns may represent analyses that are closer to an uncontaminated pattern that 
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FALSE-COLOR MINERAL AND ELEMENT MAPS 
 
 
Figure A-1: False color QEMSCAN image of coarse biotite and magnetite-rich pyroxenite 








Figure A-2: Calcium distribution map of coarse biotite and magnetite-rich pyroxenite sample 1b-









Figure A-3: False color QEMSCAN image of coarse biotite and magnetite-rich pyroxenite 








Figure A-4: Calcium distribution map of coarse biotite and magnetite-rich pyroxenite sample 1b-







Figure A-5: False color QEMSCAN image of boundary between coarse-grained and fine-grained 









Figure A-6: Calcium distribution map of boundary between coarse-grained and fine-grained 








Figure A-7: False color QEMSCAN image of coarse biotite and magnetite-rich pyroxenite 
sample 1b-77.0. Image shows alteration of perovskite, ilmenite, and Ti-rich magnetite crystals. 









Figure A-8: Calcium distribution map of altered area within coarse biotite and magnetite-rich 








Figure A-9: False color QEMSCAN image of perovskite and apatite-rich pyroxenite sample 1b-







Figure A-10: Calcium distribution map of perovskite and apatite-rich pyroxenite sample 1b-








Figure A-11: False color QEMSCAN image of melanite garnet-rich pyroxenite sample 10A-








Figure A-12: Calcium distribution map of melanite garnet-rich pyroxenite sample 10A-IH06. 















Figure A-14: False color QEMSCAN image of melanite garnet within uncompahgrite sample 




















































Figure A-20: False color QEMSCAN image of REE-bearing mineral-rich portion of carbonatite 










































Figure A-25: False color QEMSCAN image of orthoclase-quartz-thorite vein sample 35-IH06. 




































Figure A-28: False color QEMSCAN image of fenite sample IH10-286. 20µm step size. 
 
 
 
 
 
 
